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Optical spectroscopy is an essential tool for characterization of materials’ optical
properties. Quantitatively understanding material absorption, scattering and emission properties
is challenging with existing spectrometric and fluorometric techniques. The direct Polarized
Resonance Synchronous Spectroscopy (PRS2) is a breakthrough to the existing spectroscopic
techniques for differentiation and quantification of material absorption, scattering and emission
properties including their light depolarizations and optical cross-sections.
However, there are some limitations and unchecked assumptions in the direct PRS2
technique that need to be addressed during my PhD study. We first examined the effect of light
scattering and absorption on their inner-filter-effect (IFE) and validated that sample UV-vis
extinction can be approximated as absorption extinction for IFE correction in the PRS2 data
processing due to the high sensitivity of PRS2 to light scattering. In the case where such
approximation may produce large error, iteration PRS2 can be included to decompose the UVvis extinction into absorption and scattering components.
Compared to the direct PRS2 that must rely on several assumptions, the recent developed
Bandwidth Varied PRS2 (BVPRS2) and Polarized Anti-Stokes’, On-resonance, Stokes’-shifted
iii

(PAOS) spectroscopic techniques are self-contained methods universally amenable to all kinds
of fluorescent materials. BVPRS2 or PAOS is necessary for fluorescent materials that possess
non-zero scattering depolarization and wavelength dependent fluorescence depolarization.
Furthermore, BVPRS2 and PAOS prove that not only off-resonance fluorescence also
contributes to the fluorescence signal detected in PRS2 measurement. BVPRS2 offers indirect
observation that fluorescence intensity increases quadratically, while scattering signal increases
linearly as wavelength bandwidth expands. More importantly, PAOS allows direct visualization
of the contribution from anti-Stokes’-shifted fluorescence, ORF and Stokes’-shifted fluorescence
in the detected signals, revealing the origins of the off-resonance contribution.
Finally, it is illustrated that different PRS2 methods should be applied to different types
of optical materials to ensure accuracy and efficiency. Direct PRS2 was readily used to study
gold nanoparticles, which are light absorbers and scatterers. In contrast, PAOS-assisted PRS2
was performed on fluorescent quantum dots, which are simultaneously light absorbers, scatterers
and emitters. The presented PRS2 methodology and the new insights acquired from the materials
investigated should be of great significance to material design and characterization.
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CHAPTER I
INTRODUCTION
1.1

Characterization of materials’ optical properties
Understanding the optical properties of materials is essential to design new materials for

novel applications. However, emerging new materials have become increasingly optically
complicated since many of them are nanoscale and have fluorescence activity. Reliable
quantification of a material’s photon absorption, light scattering, and fluorescence activities can
be challenging due to the complex interplay of the photon absorption, scattering, and emission.
There are many existing analytical techniques for detecting a material’s absorption,
scattering, and emission. However, a lot of them treat these optical properties as isolated
phenomena. In fact, different optical properties are often entangled and concurrent at the same
wavelengths, which presents challenges to the existing techniques. As an example, it is a
widespread practice to explicitly label or interpret a material’s UV-vis spectrum as the
absorbance spectrum.1-6 In fact, UV-vis spectrophotometric measurements quantify the reduced
intensity of the incident light after passing through the sample (or transmitted light),7 which is
the sample’s total photon extinction, the combined contributions by a material’s photon
absorption and scattering. For dissolved small molecular chromophores, it is reasonable to
assign their UV-vis spectra as absorbance spectra since their scattering cross-sections is
negligibly small in comparison to their photon absorption cross-sections.8, 9 However, this

1

approach can be highly problematic for nanoscale materials, whose light scattering is likely
significant due to their large sizes.
Another example is resonance light scattering (RLS), which is a common light scattering
measurement performed with spectrofluorometers.10 However in RLS, the possible interference
of fluorophore fluorescence on the light scattering detection is entirely neglected. Such
fluorescence interference arises from the fact that, when excited in the wavelength region where
the fluorophore both absorbs and emits, fluorescence emission can occur under the resonance
excitation and detection conditions that are used for scattering detection.9, 11, 12 Indeed, the
fluorescence contribution should be considered for any scattering measurement that employs
resonance excitation and detection conditions, otherwise the scattering intensity will be
overestimated. Therefore, we should generally refer to RLS as “Resonance Synchronous
Spectroscopy” (RS2) rather than assigning all the detected signals as light scattering without
validation.
While RS2 detects sample scattering intensity, little information is available on the
material’s scattering cross-section, which can be described as the material’s scattering activity.
As an example, light scattering cross-section spectra of common organic solvents have been
made available only very recently.8 Compared to solvents, most of which are approximately pure
scatterers in UV-vis region, quantification of the optical properties of fluorescent materials is
drastically more difficult because they are simultaneously light absorber, scattering, and emitter.
A number of challenges must be simultaneously addressed in order to reliably determine their
light scattering cross-section spectra. The first is the sample inner filter effect (IFE) induced by
the sample photon absorption.7, 13 The second is the interference of light scattering by solvent
and sample holders. The third is the under-sampling issue arising from the fact that
2

spectrofluorometer collects only a small fraction of the scattered and/or emitted photons that are
distributed in the three dimensional space.9 Critically, the fraction of the collected photons
versus the total number of scattered or emitted photons depends not only on the instrumental
setup (e.g. acceptance angle, detection geometry, detection polarization bias), but also on the
sample’s light scattering and fluorescence depolarization. Indeed, one must quantify the
material’s light scattering and fluorescence depolarization in order to determine its light
scattering and fluorescence activities.9
The fourth is the abovementioned fluorescence contribution in RS2 that needs to be
deconvoluted from scattering to accurately quantify each component. Existing fluorescence
spectroscopy has predominantly focused on the Stokes’-shifted fluorescence (SSF), where the
emitted photons are detected at longer wavelengths than that of the excitation. In contrast,
material’s on-resonance-fluorescence (ORF), where fluorescence photons are emitted at the same
wavelengths as excitation, has been neglected.14 ORF only occurs at the wavelengths where the
fluorophore’s UV-vis absorbance spectrum overlaps with its SSF spectrum.14 ORF can be
detected with resonance excitation and detection conditions in RS2. Therefore, both ORF and
scattering can contribute to the signals in RS2. However, mistakenly attributing the sample RS2
spectra as resonance light scattering (RLS) spectrum without validation is commonly found in
the literature.15-18 One possible reason may be that light scattering is a universal property since
all materials have non-zero polarizability, while ORF is only detectable for a subset of
fluorophores.9 Disentangling and understanding ORF and scattering properties in the material
RS2 spectrum is challenging, it is critical for reliable characterization of any analyte.
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1.2

Polarized resonance synchronous spectroscopy (PRS2)

Figure 1.1

(A) Scheme of the instrument configuration of a spectrofluorometer. (B) Graphic
representation of the notations of the PRS2 VV and VH spectra acquired with
different excitation and detection polarization combinations. 9

The recent developed polarized resonance synchronous spectroscopic (PRS2) technique
is capable of disentanglement and quantification of the intertwined material light absorption,
scattering and ORF emission across a wide wavelength range.9 PRS2 is similar to the
conventional resonance synchronous spectroscopic (RS2) method. Both PRS2 and RS2 spectra
are acquired using spectrofluorometers by setting the excitation and detection wavelengths
identical while scanned synchronously. However, unlike the RS2 method that uses collimated
nonpolarized light (or plane polarized light) for excitation and detection, PRS2 uses linearly
polarized light for excitation and detects signals with linear polarizations. Therefore, PRS2
spectra are acquired by spectrofluorometers equipped with excitation and emission polarizers. As
illustrated in Figure 1.1, vertically (V) polarized light is used for excitation and the emitted
photons are detected by either vertical (V) or horizontal (H) polarization to acquire PRS2 “VV”
or “VH” spectrum. “V” refers to the light polarized linearly in the direction perpendicular to the
4

plane defined by the light source, sample chamber, and detector, while “H” represents light
linearly polarized parallel to this plane. The first letter in “VV” and “VH” refers to the excitation
polarization, and second to the detection polarization.

Figure 1.2

(A) UV-vis extinction spectrum of SQD7.4 as a model fluorescent nanoparticle.
(B) SQD7.4 solution PRS2 spectra. (C) The inner-filter-effect (IFE) corrected
SQD7.4 solution PRS2 spectra. (D) Solvent and cuvette background PRS2 spectra.
(E) SQD7.4 specific PRS2 spectra obtained by subtracting the solvent background
spectra from the IFE corrected solution spectra. (F) Polarized Stokes’-shifted
fluorescence (SSF) spectra of SQD7.4 with excitation wavelength of 500 nm. The
VH spectrum is corrected by the G factor spectrum. (G) SSF depolarization
spectrum of SQD7.4. (H) PRS2 VV spectrum and calculated ORF VV component
using SSF depolarization and PRS2 VH spectrum. (I) Separation of PRS2
scattering and ORF components in VV and VH spectra. (J) Scattering crosssection spectrum and (K) PRS2 spectra of polystyrene nanoparticles (PSNP) as an
external reference for quantification of SQD cross-section spectra. (L) SQD7.4
UV-vis absorption, extinction, scattering extinction, and ORF cross-section
spectra.

5

An example PRS2 acquisition and data processing is illustrated by a spherical quantum
dot sample SQD7.4. (Figure 1.2) The as-acquired SDQ7.4 solution PRS2 spectra (Figure 1.2B)
are first IFE corrected with Eq. 1.1 (Figure 1.2C) and then solvent background subtracted to
obtain the SQD7.4 specific PRS2 spectra. (Figure 1.2D-E) The excitation and emission effective
pathlengths of the spectrofluorometer can be quantified with the water Raman method published
previously.13
𝑅𝑆2

𝑃𝑅𝑆2,corr
𝑃𝑅𝑆2,obsd
(𝜆) = 𝐼𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
(𝜆) 10𝐴(𝜆)𝑑𝑒𝑓𝑓 /𝑑𝑈𝑉
𝐼𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

(1.1)

𝑃𝑅𝑆2,corr
(𝜆) – IFE-corrected PRS2 solution spectrum, which can be PRS2 VV or VH
𝐼𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

spectrum
𝑃𝑅𝑆2,obsd
(𝜆) – observed or as-acquired PRS2 solution spectrum
𝐼𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐴(𝜆) – sample UV-vis absorbance or absorption extinction spectrum
𝑅𝑆2
𝑑𝑒𝑓𝑓
– effective path length in RS2 measurements, which is the sum of excitation and

emission effective path lengths
𝑑𝑈𝑉 – effective path length in UV-vis measurement

The introduction of polarized excitation and detection has profound impacts on
improving the reliability of the data interpretation, which for the first time allows us to quantify
the material light scattering and ORF depolarizations. (Eq. 1.2) There are three important aspects
for quantification of photon depolarizations. First, photon depolarization reveals intrinsic and
geometric information of the analytes, which proves to be a convenient and accurate tool for insitu and rea-time study. Our study shows that scattering depolarization is sensitive to particle
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geometry,19 while ORF depolarization is related to the angle of absorption and emission dipoles
and mobility of the fluorophores.20

𝑃 𝑋 (𝜆 ) =

𝑋
𝐺(𝜆)𝐼𝑓,𝑉𝐻
(𝜆)
𝑋
𝐼𝑓,𝑉𝑉 (𝜆)

(1.2)

𝑃 𝑋 (𝜆) – light depolarization spectrum as a function of wavelength 𝜆. The superscript “X” can be “ORF” or “Sca” (Scattering) in the PRS2 measurement.
𝐺(𝜆) – G factor spectrum which corrects the instrument polarization bias
𝑋
𝐼𝑓,𝑉𝐻
(𝜆) – Fluorophore (f) specific PRS2 VH spectrum
𝑋
𝐼𝑓,𝑉𝑉
(𝜆) – Fluorophore (f) specific PRS2 VV spectrum

Second, the scattering and ORF components in the PRS2 spectrum can be separated with
their difference in depolarization. In contrast, RS2 attributes all detected signal to material light
scattering, leading to a highly persistent literature practice mistakenly labeling sample RS2
spectra as its resonance light scattering (RLS) spectrum.15-18 In the initial PRS2 methodology,9 it
𝑆𝑐𝑎 ( )
was observed light scattering has negligible depolarization (𝐼𝑓,𝑉𝐻
𝜆 = 0 and therefore
𝑃𝑅𝑆2 ( )
𝑂𝑅𝐹 ( )
𝐼𝑓,𝑉𝐻
𝜆 = 𝐼𝑓,𝑉𝐻
𝜆 ), while ORF depolarization can be approximated as SSF depolarization (

𝑃𝑓𝑂𝑅𝐹 (𝜆) = 𝑃𝑓𝑆𝑆𝐹 (𝜆)) assuming fluorescence depolarization is independent of excitation
wavelength. Hence, the ORF component can be separated from the scattering component
following Eq 1.3. (Figure 1.2 (H-I)) It is worth mentioning that if the analyte is non-ORF emitter
in the investigated wavelength range such as gold nanoparticles (AuNP) and silver nanoparticles
(AgNP), all PRS2 signals are due to analyte scattering and therefore no PRS2 spectral
decomposition is needed.19, 21
7

𝑆𝑐𝑎 ( )
𝑃𝑅𝑆2 ( )
𝑂𝑅𝐹 ( )
𝑃𝑅𝑆2 ( )
𝐼𝑓,𝑉𝑉
𝜆 = 𝐼𝑓,𝑉𝑉
𝜆 − 𝐼𝑓,𝑉𝑉
𝜆 = 𝐼𝑓,𝑉𝑉
𝜆 −

𝑃𝑅𝑆2 ( )
𝐺 (𝜆)𝐼𝑓,𝑉𝐻
𝜆

𝑃𝑓𝑆𝑆𝐹

(1.3)

𝑆𝑐𝑎 ( )
𝐼𝑓,𝑉𝑉
𝜆 –Scattering signal in its PRS2 VV spectrum of fluorophore f
𝑃𝑅𝑆2 ( )
𝑃𝑅𝑆2 ( )
𝐼𝑓,𝑉𝑉
𝜆 and 𝐼𝑓,𝑉𝐻
𝜆 – PRS2 VV and VH spectra respectively of fluorophore f
𝑂𝑅𝐹 ( )
𝐼𝑓,𝑉𝑉
𝜆 – ORF signal in its PRS2 VV spectrum of fluorophore f

𝑃𝑓𝑆𝑆𝐹 (𝜆) – SSF depolarization spectrum of fluorophore f

Third, photon depolarization is critical to deduce the three-dimensional distribution of the
scattered and ORF photons for quantification of sample light scattering and ORF cross-sections.
9

In contrast, the RS2 method only measures the photons propagating to the detector placed at

90 relative to the excitation beam, while photons with other propagation directions are
undetected. The undetected photon intensity cannot be deduced and therefore RS2 suffers from
under-sampling issue, the degree of which is sample-specific. Furthermore, the spectra obtained
with the RS2 measurements are instrument-dependent and measurement-specific, where the
detected signals are modified by multiple instrument-related parameters. The unresolved issues
of under-sampling and instrument-dependence render RS2 impossible to quantify the material
fundamental optical constant spectra. On the contrary, the information of photon depolarization
allows us to calculate the globally distributed photons from the photon intensity detected in
PRS2 VV spectrum with Eq. 1.4.9 The total photon intensity quantified in Eq.1.4 is based on the
fact that the vertically polarized photons (V or z-axis in Figure 1.1B) can be depolarized to x-
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and y-directions depending on the degree of depolarization, and similarly the horizontally
polarized photons (H or y-axis in Figure 1.1B) can be depolarized to x- and z-directions.

𝑋 ( )
𝐼𝑓𝑋 (𝜆) = 𝐼𝑓,𝑉𝑉
𝜆 (2 + 4𝑃 𝑋 )

(1.4)

𝐼𝑓𝑋 (𝜆) – Globally (total) photon intensity of fluorophore f. X can be Sca or ORF
𝑋 ( )
𝐼𝑓,𝑉𝑉
𝜆 – PRS2 VV photon intensity of fluorophore f

𝑃 𝑋 – photon depolarization

Subsequently, the intensity-based PRS2 spectra is converted into scattering and/or ORF
cross-section spectra (Eq. 1.5 and 1.6) by a ratiometric external reference method, where a pure
light scatterer polystyrene nanoparticle (PSNP) is used as the external refence. One key
advantage of this ratiometric method is to eliminate multiple instrument related parameters
which are difficult or impossible to quantify.9

𝜎𝑓𝑠𝑐𝑎 (𝜆) =

𝜎𝑓𝑂𝑅𝐹 (𝜆)

=

𝑃𝑅𝑆2, 𝑠𝑐𝑎
(1 + 2𝑃𝑓𝑠𝑐𝑎 (𝜆)) 𝐶𝑃𝑆𝑁𝑃 𝐼𝑓,𝑉𝑉
(𝜆)
𝑠𝑐𝑎
𝑃𝑅𝑆2, 𝑠𝑐𝑎
(1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆)) 𝐶𝑓 𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)
𝑃𝑅𝑆2,𝑂𝑅𝐹
(1 + 2𝑃𝑓𝑂𝑅𝐹 (𝜆)) 𝐶𝑃𝑆𝑁𝑃 𝐼𝑓,𝑉𝑉
(𝜆)

(1 +

𝑠𝑐𝑎
2𝑃𝑃𝑆𝑁𝑃 (𝜆))

𝑃𝑅𝑆2, 𝑠𝑐𝑎
𝐶𝑓 𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝑠𝑐𝑎 ( )
𝜎𝑃𝑆𝑁𝑃
𝜆

(1.5)

𝑠𝑐𝑎 ( )
𝜎𝑃𝑆𝑁𝑃
𝜆

(1.6)

𝜎𝑓𝑠𝑐𝑎 (𝜆) or 𝜎𝑓𝑂𝑅𝐹 (𝜆) – Scattering or ORF cross-section spectrum of fluorophore f
𝑃𝑅𝑆2, 𝑠𝑐𝑎
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆) – PSNP PRS2 VV spectrum
𝑃𝑅𝑆2, 𝑠𝑐𝑎
𝑃𝑅𝑆2, 𝑂𝑅𝐹
𝐼𝑓,𝑉𝑉
(𝜆) and 𝐼𝑓,𝑉𝑉
(𝜆) – PRS2 VV scattering or ORF spectrum of fluorophore f

𝐶𝑃𝑆𝑁𝑃 and 𝐶𝑓 – PSNP and fluorophore concentration
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𝑠𝑐𝑎
𝑃𝑃𝑆𝑁𝑃
(𝜆) , 𝑃𝑓𝑠𝑐𝑎 (𝜆) and 𝑃𝑓𝑂𝑅𝐹 (𝜆)– PSNP scattering, fluorophore scattering, and

fluorophore ORF depolarization spectrum
1.3

Thesis objectives
Although the debut of PRS2 technique (referred to as “direct PRS2 method” hereafter)

leads to several new spectroscopic insights and quantitative understanding of materials’ optical
properties, the method is not complete since several pre-assumptions of the direct PRS2 method
require further study and evaluation. Therefore, one important aspect of this dissertation is to
investigate these assumptions and improve the PRS2 methodology to ensure its generality.
Another aspect is to explore and demonstrate its applications in different areas where the existing
spectroscopic techniques are inadequate.
First, the sample inner-filter-effect (IFE) is known to occur when there is sample
absorption at the excitation and/or emission wavelengths. Indeed, the A(𝜆) term in Eq. 1.1 refers
to the UV-vis absorption extinction of the sample. However, such requirement leads to a
chicken-or-the-egg dilemma where we need to know the absorption extinction first in order to
decompose the UV-vis extinction spectrum into absorption and scattering extinctions. Indeed, it
is a widespread literature practice to implicitly or explicitly use the sample UV-vis total
extinction as absorption extinction for IFE correction. 4, 22-24 Likewise, the sample extinction
directly obtained from UV-vis spectrum is used as the A(λ) term in Eq.1.1 for correcting IFE,
which implies light absorption and scattering are treated equally in their IFE in the PRS2 spectra.
The viability of this approximation should be evaluated. Therefore, the second chapter (Chapter
II) of this thesis investigates the effect of light scattering and absorption in their IFE. In Chapter
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III, the direct PRS2 method was applied to study the optical properties of gold nanoparticles
(AuNP).

Figure 1.3

Three-dimensional plot of example total fluorescence depolarization (PF) of (A)
RQD16.8 and (B) SQD10.8. The total fluorescence depolarization spectrum is
calculated with polarized total fluorescence spectra using Eq. 1.1. It shows
comprehensive PF values across different excitation and emission wavelengths.

Second, the direct PRS2 method is only applicable for two classes of materials: 1) All
non-photoluminescent materials and 2) a subset of photoluminescent samples that have zero light
scattering depolarization and wavelength independent fluorescence depolarization in the ORFactive wavelength region,9 which fulfills the assumptions described in Eq. 1.2. However, as we
moved along to study different materials, we found that these assumptions no longer held for
certain kinds of optically complicated analytes, which rendered the direct PRS2 inapplicable.
One such exception is the rod-shaped fluorescent quantum dots (RQD). As showed in Figure 1.3,
the RQDs have non-zero light scattering depolarizations across the wavelength region, similar to
what we observed for the gold nanorods and rod-shaped solvent molecules.8, 19 In contrast to
these non-fluorescent analytes, the RQD is ORF-active, resulting in convoluted ORF and
11

scattering signals detected at the same wavelength in both PRS2 VV and VH spectra. In this
case, we can no longer attribute all PRS2 VH signal to ORF as in the direct PRS2 method.
Furthermore, unlike its spherical counterpart SQD that possesses unity fluorescence
depolarization (Figure 1.3B), the RQD fluorescence depolarization is not unity and strongly
excitation wavelength dependent (Figure 1.3A). Hence, the SSF depolarization cannot be
approximated as ORF depolarization, or such approximation needs further validation before its
application. This exception urged us to seek and develop a self-contained method to disentangle
the scattering and ORF components in the PRS2 spectra, rather than rely on several assumptions
although they are applicable to many optical materials. An assumption-free method is essential to
ensure the general applicability of the PRS2 methodology for fluorescent materials with
convoluted optical properties that are challenging to quantify.
Subsequently, we discovered that the fluorescence and scattering signals in PRS2
spectrum depends differently on the wavelength bandwidth as described in Chapter IV. While
fluorescence increases quadratically as a function of wavelength bandwidth, scattering increases
linearly. This discovery led to the development of a self-contained method called bandwidthvaried PRS2 (BVPRS2). The different dependence of fluorescence and light scattering on
bandwidth allows us to quantitatively decouple their respective contributions to the PRS2
through linear curve-fitting of the ratiometric BVPRS2 using PSNP as a scattering reference.
Another surprising insight revealed by their different bandwidth-dependence is that is offresonance fluorescence also contributes to the fluorescence signal detected even under resonance
excitation and emission conditions, otherwise fluorescence signal would exhibit the same
dependence on bandwidth as scattering signal. This finding results in a correction to the
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quantification of ORF cross-section in the direct PRS2 method where we attributed all
fluorescence signal as ORF.

Figure 1.4

Illustration of visualizing and separating ORF and scattering components with
PAOS spectrum, which is acquired by setting excitation wavelength (𝜆𝑒𝑥 ) at 575
nm and scanning emission wavelengths from 510 nm – 650 nm with slit width of 2
nm.

Although it is theoretically and experimentally proved by BVPRS2 the contribution of
off-resonance to the PRS2 signal, the origin of such off-resonance fluorescence is not clear. In
Chapter V, a self-contained polarized anti-Stokes’-shifted, on-resonance, Stokes’-shifted (PAOS)
spectroscopy allows us to easily visualize the off-resonance fluorescence and separate it from
scattering. PAOS is acquired in the way that the excitation wavelength is fixed while the
emission wavelengths are scanned from below all the way to above the excitation wavelengths.
As illustrated in Figure 1.4, one important advantage of PAOS is to visualize and differentiate
the scattering and fluorescence signal at the resonance excitation and emission wavelength.
Another advantage PAOS is to directly prove that anti-Stokes’-shifted fluorescence (ASSF),
ORF and SSF simultaneously occur and be collected in PRS2 measurements due to the finite
wavelength bandwidth (1-5 nm) used for measurement. This observation cross-validates the
13

theoretical considerations presented in the BVPRS2 method. However, PAOS is more time
consuming than the BVPRS2 method and the direct PRS2 method. Therefore, in Chapter V we
reported a divide-and-conquer strategy that combines the direct PRS2 and PAOS for fast and
accurate quantification of fluorescent materials that do not meet the assumptions of direct PRS2.
Other than methodology, demonstration of the PRS2 applications is critical to the
analytical and material sciences. By far PRS2 has been used to study plasmonic nanoparticles,19
porphyrin aggregation,25 small solvent molecules,8 aggregation induced emission (AIE)26 and
fluorescent quantum dots (QD).27 As demonstrated in these works, different PRS2 strategies
should be tailored for materials of different optical nature to achieve both accuracy and
efficiency. Chapter III will demonstrate how direct PRS2 is readily applied to study the effect of
particle size, shape, ligand functionalization and aggregation on the optical properties of gold
nanoparticles (AuNP), which is light absorber and scatterer but non-emitter. Chapter VI will give
an example on how PAOS-assisted PRS2 method is used to study the optical properties of
spherical and rod shaped QDs, which are the most optically complicated materials that absorb,
scatter and emit significantly and concurrently. The methodology and applications of PRS2
technique presented in this PhD dissertation should have broad applications in studies that
concern change or quantification of optical properties, and where the existing spectroscopic
techniques are not adequate.
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CHAPTER II
PROBING THE EFFECT OF SCATTERING AND ABSORPTION ON THEIR INNER
FILTER EFFECT AND ITERATION POLARIZED RESONANCE SYNCHRONOUS
SPECTROSCOPY
This work has been previously published: Xu, J. X.; Vithanage, B. C. N.; Athukorale, S.
A.; Zhang, D., Scattering and absorption differ drastically in their inner filter effects on
fluorescence, resonance synchronous, and polarized resonance synchronous spectroscopic
measurements. Analyst 2018, 143, 3382. This chapter is reproduced with permission from the
Royal Society of Chemistry.
2.1

Abstract
Sample inner filter effect (IFE) induces spectral distortion and affects the linearity

between intensity and analyte concentration in fluorescence, Raman, surface enhanced Raman,
and Rayleigh light scattering measurements. Existing spectrofluorometric-based measurements
treat the light scattering and absorption identically in their sample IFEs. Reported herein is the
finding that photon scattering and absorption differ drastically in inducing the sample IFE in
Stokes’-shifted fluorescence (SSF) spectrum, resonance synchronous spectrum (RS2), and the
polarized resonance synchronous spectrum (PRS2) measurements. Absorption with an
absorption extinction as small as 0.05 imposes significant IFE on SSF, RS2, and PRS2
measurements. However, no significant IFE occurs even when the scattering extinction is as high
as 0.9. For samples that both absorb and scatter light, one should decompose their UV-vis
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extinction spectra into absorption and scattering extinction component spectra before correcting
the sample IFE. An iteration PRS2 method was introduced for the experimental decoupling the
photon absorption and scattering contribution. The methodology presented in this work can be
easily implemented by researchers with access to one conventional UV-vis spectrophotometer
and one spectrofluorometers equipped with pair of excitation and detection polarizers. This work
should be of broad implication in chemical research given the popularity of fluorescence
spectroscopy in material characterization applications.
2.2

Introduction
Photon/matter interaction is undoubtedly one of the most fascinating phenomena in

nature and have remained a central research topic in area of material characterizations, designs,
and applications.19, 28-34 The most commonly used tools for studying the photon/matter
interactions include UV-vis spectrophotometers and spectrofluorometers. UV-vis measurements
provide information of collective contribution from the material’s photon absorption and
scattering. Spectrofluorometer is a much more versatile instrument for probing materials’ optical
properties. With variable experimental settings, one can acquire the fluorescence excitation
spectrum, Stokes-shifted fluorescence (SSF) spectrum,35 resonance synchronous spectrum
(RS2),36 and recent polarized resonance synchronous spectra (PRS2).9 RS2 and PRS2 signal of
fluorescent samples can contain complex interplay of material photon absorption, scattering,
fluorescence emission. Using combination of UV-vis and PRS2 measurements, one can decouple
such interplay and experimentally quantify the material photon absorption, scattering, and
emission activities.8, 14, 19 One common problem for all spectrofluorometer-based measurements
is however, the sample inner filter effect (IFE) that can induce spectral distortion and
nonlinearity between intensity and sample concentration.37-39 While it is known that the sample
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IFE occurs as long as there is photon absorption at the excitation and/or detection wavelengths in
the SSF, RS2, and PRS2 measurements,7, 40, 41 the role of sample light scattering has been
obscure. In existing spectral data analyses, it is the sample total UV-vis extinction obtained
directly from the UV-vis spectrophotometric measurements, rather than its absorption extinction
component is used for the sample IFE correction.42-44 The implicit assumption under this
approach is that the light scattering induces the same degree of sample IFE as absorption.
Another disturbing yet rather common literature practice is mislabeling sample UV-vis
extinction spectra as its absorbance spectrum even for samples that contain light scatterers such
as nanoscale to microscale particles.22-24, 45 As a side note one should always label the UV-vis
spectrum as photon extinction, rather than absorbance. Photon extinction is a measurement of the
light loss along its pass through the sampling cuvette, while absorbance describes the physical
process responsible for such light loss.
Reliable correction of the sample IFE is critically important for reliable interpretation of
the experimental data obtained in fluorescence study of fluorophore self-assembly, 24, 46
supramolecular formation,47 and fluorophore interactions with nanoparticles.48, 49 While these
processes often lead to apparent fluorescence signal variations, 50 deducing the actual
fluorescence activity for these samples can be challenging. This is because the higher-order
structures formed through these processes are often simultaneous photon absorbers, scatterers,
and fluorescence emitters. Separating the sample photon absorption and scattering contribution
to their UV-vis extinction spectrum is not only a prerequisite for one to calculate the sample
fluorescence quantum yield, but also for reliable fluorescence intensity quantification.

𝐼 𝑐𝑜𝑟𝑟 (𝜆𝑚 )
= 100.5𝐴(𝜆𝑥 )+0.5𝐴(𝜆𝑚 )
𝐼 𝑜𝑏𝑠𝑑 (𝜆𝑚 )
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(3.1)

𝐼 𝑐𝑜𝑟𝑟 (𝜆𝑚 )
2.3 𝑑 𝐴(𝜆𝑥 )
2.3 𝑠 𝐴(𝜆𝑚 )
𝑔 𝐴(𝜆𝑥 )
=
10
𝐼 𝑜𝑏𝑠𝑑 (𝜆𝑚 ) 1 − 10−𝑑 𝐴(𝜆𝑥 )
1 − 10−𝑠 𝐴(𝜆𝑚 )

(3.2)

Many sample IFE correction methods have been proposed for correcting the sample IFEs.
The two example methods described by Eqs. 2.1 and 2.2 have been used extensively in
literatures.38, 51, 52 𝐴(𝜆𝑥 ) and 𝐴(𝜆𝑚 ) are the UV-vis absorption extinction at the excitation and
emission wavelengths, respectively. Eq. 2.1 is used for correcting the fluorescence IFE in spectra
obtained with the standard 4 mL 1 cm × 1 cm cuvette. In this case the effective excitation and
emission pathlengths are both assumed to be 0.5 cm. The correction parameters d, s, and g in Eq.
2.2 are instrument-specific parameters estimated on the instrumental configurations (excitation
beam size, cuvette size, and others).13 Recently, substantial efforts have been devoted in
achieving more reliable IFE corrections, including using derived absorption spectral profile,53
employing Artificial Neural Networks,54 a nonlinear response model,55 multiple linear
regression56 and parameter correction methods.57, 58
𝐼 𝑐𝑜𝑟𝑟 (𝜆𝑚 )
= 10𝑑𝑥 𝐴(𝜆𝑥 )+𝑑𝑚 𝐴(𝜆𝑚 )
𝐼 𝑜𝑏𝑠𝑑 (𝜆𝑚 )

(3.3)

We have recently developed a sample IFE correction method that employs the correction
equation of Eq. 2.3.13 The dx and dm are the effective excitation and emission path lengths
experimentally determined by the sample IFE on the solvent Raman signals induced by
molecular chromophores. This solvent-Raman-based method is a performance-oriented
approach, based on the criterion that the correct dx, and dm, in Eq. 2.3 should make IFE-corrected
solvent Raman spectra perfectly overlapping regardless of the chromophore compositions.13
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These path lengths derived from the Raman measurements are instrument-specific, applicable to
correcting the sample IFE on fluorescence spectra regardless of any excitation and emission
wavelengths.13
All above methods were developed for correcting the sample IFE induced by photon
absorption. In practice however, these equations have been used explicitly for correcting IFE
induced by both light scattering and absorption extinction by replacing absorption extinction A in
these equations with the sample total extinction intensity E, or implicitly when the material UVvis extinction spectrum E is mis-labelled as their absorbance spectra A. To our knowledge,
Gobrecht59 first addressed this issue in highly scattering samples by proposing to use Polarized
Light Spectroscopy combined with Dahm’s Representative Layer Theory to compute the sample
absorbance for IFE correction.
Sample IFE can also affect the RS2 and PRS2 signal linearity as a function of the sample
concentration. Unlike the Stokes’-shifted fluorescence (SSF) analysis in which the excitation and
detection wavelengths are different, the excitation and detection wavelengths in both RS2 and
PRS2 measurements are kept identical during the entire spectral acquisition. The main difference
between RS2 and PRS2 is that excitation and detection photons in RS2 are plane-polarized, but
both are linearly polarized in PRS2 measurements. RS2 has been a popular method for studying
fluorophore aggregations and fluorophore/nanoparticle interactions. Its signal was commonly
assigned to the sample light scattering.43, 44, 60-62 Indeed, several reports used RS2 method to
determine the light scattering extinction spectrum. 43, 44 There are however several limitations
with this approach. First, besides scattering, fluorescence can contribute to the RS2 spectra of the
fluorophore-containing samples.14 Second, RS2 is a fractional sampling (under-sampling)
technique, i.e, only a small portion of the scattered and/or fluorescence photons can be collected.
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The exact fraction of the collected photons depends not only on the instrument set-ups, but also
on the fluorescence and light scattering depolarizations.14 One should reliably resolve the undersampling problem in order to determine the material light scattering and fluorescence activities.
In contrast, the PRS2 method provides a systematic approach to resolve these issues by
experimentally quantifying the sample fluorescence and light scattering depolarization, and
instrumental detector responses as a functional of the light polarizations and wavelengths.9 Since
both RS2 and PRS2 are acquired under resonance excitation and detection condition, photon
absorption at this resonance wavelength imposes sample IFE on the signal intensity.13 However,
the sample IFE of light scattering on the RS2 and PRS2 signal has, to our knowledge, not been
systematically examined.
Reported herein is a head-to-head comparison between the photon scattering and
absorption extinctions in their sample IFE on SSF, RS2, and PRS2 measurements. One of the
most critical finding is that the light scattering differs drastically from photon absorption in their
IFEs. Over-correction occurs if one treats the light scattering the same as the sample photon
absorption. Therefore, one should first decompose the sample UV-vis extinction spectrum into
its absorption and scattering extinction component spectra before the sample IFE correction.
2.3

Experimental section
The polystyrene nanoparticles (PSNPs, Cat # 16688) and the fluorescent polystyrene

nanoparticles (fPSNPs, Cat # 18719), both with a nominal diameter of 0.1 µm were purchased
from Polysciences, Inc. All other chemicals were purchased from Sigma Aldrich and used as
received. Fluorescent CdTe core-type quantum dots with the peak emission at 570 nm is
abbreviated as QD (Lot#MKBV0066V). Molecular chromophores 2,4-dinitrophenyl hydrazine
(DNPH) was used as a pure photon absorber. Nanopure water (18.2 MΩ cm, Thermo Scientific)
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was used in solution preparation. The UV-vis extinction spectra were acquired using a Thermo
Scientific Evolution 300 UV-vis spectrophotometer. SSF, RS2, and PRS2 spectra were obtained
with a Horiba Fluoromax-4-spectrofluorometer equipped with one computerized excitation and
detection polarizers. All the spectra were acquired with a 1 cm × 1 cm 4 mL fluorescence
cuvette.
The UV-vis extinction spectra were acquired with a slit width of 2 nm. The spectral
integration time was 0.3 s and slit widths of the both excitation and detection monochromator slit
width were kept 2 nm in all SSF, RS2, and PRS2 spectral acquisitions. The SSF spectra of
fPSNPs were acquired from 500 to 650 nm region with excitation wavelength of 400 nm. The
QD SSF spectra were acquired with an excitation wavelength of 370 nm. All the PRS2 spectra
shown in this work are solvent-background-subtracted before further data processing. The Gfactor spectrum needed for correcting the instrument polarization bias in the light scattering and
fluorescence depolarization measurements are obtained with the published procedure.9
2.4
2.4.1

Results and discussion
Sample IFE on the SSF measurements
A head-to-head comparison of the sample IFE induced by light absorption and scattering

was demonstrated with QD/DNPH (1st column, Figure 2.1) and QD/PSNP mixtures (2nd column,
Figure 2.1). DNPH is a predominant light absorber with no significant light scattering, while
PSNP is an approximately pure light scatterer with no significant light absorption. Therefore, the
fluorescence signal variations are due to absorption in QD/DNPH and scattering in QD/PSNP
mixtures. In theory, PSNP and DNPH can induce QD fluorescence signal variation through a
series of static and dynamic quenching, two near-field effects involving direct QD interactions
with PSNP or DNPH, and the sample IFE, a far-field effect involving no direct QD interactions
21

with PSNP or DNPH.13, 63 In this work, the QD fluorescence signal variation induced by PSNPand DNPH-addition should be due predominantly to the sample IFE induced by PSNP and
DNPH, but not to dynamic and static quenching. This is because significant dynamic quenching
occurs only when the quencher concentration is high (mM or above) 64, 65 and the mobilities of
both the quencher and the fluorophore are relatively large.63 Neither condition is applicable to
the samples employed in this work. First, the DNPH and PSNP concentrations are very low. The
highest DNPH and PSNP concentrations are 56.8 μM and 560 pM, respectively. Second, as a
core-shell nanoparticle fluorophore with a nominal diameter around 6 nm (from vendor’s
specification), the mobility of the QD is likely significantly smaller than ordinary molecular
fluorophores because of its large hydrodynamic radius, making the occurrence of dynamic
quenching unlikely.
Static quenching involves formation of the ligand/emitter complex and such complex is
fluorescent-inactive. The possibility of the significant static quenching can be ruled out by the
control experiments that show UV-vis spectra of the QD/DNPH and QD/PSNP mixtures are
equivalent to their summation spectrum of the respective component spectra (data not showed).
This indicates that there is no QD/DNPH or QD/PSNP complex formation, or such complex
formation has no significant impact on the QD optical properties.
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Figure 2.1

(A) and (B) are the UV-vis extinction spectra of QD spiked with DNPH and PSNP,
respectively. (C) and (D) are the fluorescence spectra of QD/DNPH and
QD/PSNP mixtures, respectively. (E) and (F) are sample-IFE-corrected spectra
corrected with the effective pathlengths obtained based on the sample IFE on the
solvent Raman signal. (G) and (H) are the QD fluorescence intensity as a function
of the sample extinction increased by the DNPH photon absorption and PSNP
scattering, respectively.

The data in Figure 2.1 provide unequivocal evidence that light scattering and absorption
differ substantially in their sample IFE. The total extinction in two sets of samples is increased
from 0.1 to ~0.9 by the selected absorber DNPH (Figure 2.1A) and scatterer PSNP (Figure
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2.1B), respectively. Evidently, the QD fluorescence reduction induced by DNPH (Figure 2.1C) is
drastically more significant than that by PSNP (Figure 2.1D). The fluorescence intensity
monotonically decreases with increasing DNPH concentration (Figure 2.1C). Increasing
collective photon absorption at excitation (370 nm) and emission (570 nm) wavelength by 0.79
induces about 67% of QD fluorescence signal reduction. In contrast, there is no significant
fluorescence signal attenuation in any of the PSNP-added samples, even when the collective light
scattering extinction at the excitation and detection wavelengths as large as 0.90.
Using the effective path lengths (dx=0.46, and dm=0.55) and Eq.2.3 determined with our
recent work,13 sample IFE induced by the photon absorption induced by DNPH were nearly
perfectly corrected (Figure 2.1E and 2.1G). However, overcorrection occurs when the same
correction method is applied for the sample IFE induced by PSNP light scattering (Figure 2.1F
and 2.1H). Indeed, if the sample IFE induced by light scattering were corrected using the method
developed for photon absorption, it would be mistakenly concluded that the PSNP enhances QD
fluorescence.
2.4.2

Sample IFE on RS2 and PRS2 measurements
RS2 measurement involves only one spectral acquisition where both excitation and

detection photons are polarized in the plane perpendicular to the propagation direction of the
excitation or detection photons. In contrast, the PRS2 measurement involves two spectral
acquisitions with excitation and detection polarization combinations of “VV” and “VH”,
respectively.9
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Figure 2.2

(Left column) (A) UV-vis extinction spectra for a series of PSNP solutions with
the specified concentrations. (C) RS2, (E) PRS2 VV, and (G) PRS2 VH spectra of
the samples used in plot (A). (Right column) (B) PSNP UV-vis intensity as a
function of PSNP concentrations for the wavelength highlighted in plot (A). (D),
(F), and (H) are the RS2, PRS2 VV, and PRS2 VH intensity in plots (C), (E), and
(G), respectively, as a function of PSNP concentrations. The black dots are asacquired spectral intensities. The solid line is a linear fitting of the black dots as a
function of PSNP concentration. The dash lines in the left column figures indicate
the spectral wavelength for the plots in the right column

Light scattering and absorption also differ drastically in their IFE effects in the RS2,
PRS2 VV, and PRS2 VH measurements. This is observed with the experimental data obtained
with solutions containing PSNP alone (Figure 2.2) and that of PSNP/DNPH mixture (Figure 2.3).
The PSNP-alone solutions are treated as the scatterer-alone samples, while the PSNP/DNPH are
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mixtures of scatters and absorbers. Evidently there is no detectable sample IFE in the scattereronly samples in the entire RS2 and PRS2 spectral region even when their signals reach the
instrument saturation intensity (Figures 2.2 C and E), which is 2,000,000 counts for the
Fluoromax-4 used in this work. The RS2, PRS2 VV, and PRS2 VH spectra have an excellent
linearity as a function of the PSNP concentration (Figures 2.2 D, F, and H), excluding the
possibility of significant sample IFE in any of these samples. The reason that the PSNP PRS2
VH spectra signal (Figure 2.2 G) is drastically lower than their PRS2 VV counterparts (Figure
2.2 E) is that the PSNP has very small light scattering depolarizations.9
The data in Figure 2.2 indicates that for light scatterer-only sample, the light scattering
should not be of a concern for any viable RS2, PRS2 VV, and PRS2 VH spectral acquisitions in
which the spectral intensities are below the instrument saturation intensity. This is because
spectrofluorometer is extraordinarily sensitive to light scattering but with a finite dynamic range.
Taking the Fluoromax-4 spectrofluorometer as an example, its PRS2 VV linear dynamic range in
terms of scattering extinction at the 400 nm wavelength is from ~5.010-6 to ~210-3 for
scatterer-only samples.7 This high sensitivity explains why spectrofluorometer can quantify the
light scattering cross-sections even for small solvent molecules that are totally impossible with
conventional UV-vis spectrophotometric measurements.8 On the other hand, the finite linear
dynamic range of the instrument detector explains why light scattering extinction is unlikely to
induce significant sample IFE in practical RS2 and PRS2 measurements. This is because the
light scattering will saturate the detector response far faster than it becomes large enough to
induce detectable sample IFE. The PSNP data shows that light scattering extinction as small as
0.002 is more than sufficient (Figures 2.2 A and B) to cause the RS2 and PRS2 signal saturation
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(Figures 2.2 C and E), while the data shown in Figure 2.1 indicates that light scattering excitation
as large as 0.90 is insufficient to induce significant sample IFE.
According to Eq.2.3, the presence of photon absorbers shifts both the upper and lower
linear dynamic limit of PRS2 and RS2 for light scattering samples by approximately a factor of
10A()d where the effective path length d is the sum of dx and dm. This is because photon
absorption attenuates RS2 and PRS2 signal the same way as it does for SSF signal.9 This result
indicates that even for PRS2 and RS2 samples with photon absorption extinction as high as 1,
their light scattering extinction remains negligibly small for imposing significant IFE. As an
example, the presence of the light absorber at 400 nm with absorption extinction of 1 shifts the
upper scattering extinction detection limit of the Fluoromax-4 instrument to 0.02, which is too
small for inducing detectable sample IFE.
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Figure 2.3

(A) UV-vis extinction spectra obtained with 2.2 pM PSNP and 40 µM DNPH
alone. (B) UV-vis extinction spectrum of PSNP/DNPH mixtures where the
concentration of PSNP was kept constant (2.2 pM) and DNPH of increasing
concentrations as specified in the legends. (C) UV-vis extinction intensity at 400
nm as a function of the DNPH concentration. (D) as-acquired PRS2 VV spectra of
the mixtures, (E) the sample-IFE corrected PRS2 VV spectra. (F) as-acquired and
sample-IFE corrected PRS2 VV spectral intensity at 400 nm as a function of
DNPH concentration. (G) as-acquired RS2 spectra, (H) the sample-IFE corrected
RS2 spectra. (I) as-acquired and sample-IFE corrected RS2 spectral intensity at
400 nm as a function of DNPH concentration. The black dots in plots (C), (F), and
(I) are as-acquired spectral intensities, and the red dots in plots (F) and (I) are the
sample IFE-corrected intensities.

One important implication of ultra-high RS2 and PRS2 sensitivity to light scattering is
that one can directly use the sample photon extinction for the sample IFE correction for RS2 and
PRS2 samples as long as the photon extinction is relatively small (<1, for example) and no signal
saturation occurs in the as-acquired RS2 and PRS2 spectra. In this case, the light scattering
extinction should be negligibly small, thus including it in the sample IFE correction should not
induce significant overcorrection. Experimental demonstration of the effectiveness of this
strategy is shown with the data obtained with the PSNP/DNPH mixtures (Figure 2.3) where the
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concentration of PSNP is constant (2.2 pM), but the concentration of DNPH varies. Figure 2.3
(A) are the UV-vis spectra of the 2.2 pM PSNP sample and a DNPH control. The near perfect
linearity between extinction intensity of PSNP/DNPH mixtures as a function of the DNPH
concentration (Figures 2.3B and C) suggests that neither PSNP and DNPH has significant direct
interactions, or such direct interaction has no significant impact on the optical properties of either
PSNP or DNPH. As a result, the PRS2 and RS2 signal attenuation induced by the DNPH
addition (Figures 2.3D and G) is due most likely to the sample IFE imposed by the DNPH
photon absorption.
Apparently, the presence of DNPH induces significant sample IFE on the PSNP PRS2
and the RS2 signal (Figures 2.3D and G). This IFE can be reliably corrected using Eq. 2.3 where
the absorption extinction A is replaced by total photon extinction E. This confirms that one can
use photon extinction directly for correcting the sample IFE in PRS2 and RS2 spectra obtained
with Fluoromax-4 instruments or other spectrofluorometers with similar detector responses. It is
emphasized again that the reason this approach (using the total extinction directly for correcting
the sample IFE) works well for the PRS2 and RS2 measurements is because the light scattering
contribution is negligibly small to be either included or left out for the sample IFE correction.
The maximum light scattering extinction for the samples shown in Figure 3 is ~0.002 (Figure 2.3
A). One far more general approach for samples contain light absorbers and scatterers is to
experimentally decouple their UV-vis extinction spectra into their absorption and scattering
extinction component spectra, and then use only the light absorption extinction for the sample
IFE correction. This spectral decomposition can be readily carried out with the iteration PRS2
method described below.
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2.4.3

Iteration PRS2 decomposition of sample UV-vis extinction spectrum
Experimentally decomposing sample UV-vis extinction spectrum into its absorption and

scattering extinction component spectra requires combined UV-vis and PRS2 measurements.9
Prior to the PRS2 data analysis, however, one must reliably correct the sample IFE using sample
absorption in the as-acquired PRS2 spectra.9, 19 This presents a dilemma that one needs to know
the light scattering extinction of the PRS2 samples in order to conduct the decomposition of the
sample UV-vis extinction spectrum into its scattering and absorption extinction component
spectra. Fortunately, this dilemma can be readily resolved using an iteration PRS2 workflow
described below. Figure 2.4 demonstrates the application of iteration PRS2 on fPSNP sample.
Step 1: use the sample total light extinction obtained with the UV-vis spectra to perform
the sample IFE correction in the PRS2 measurement as described in recent reports. 7, 9 In this
case, the total sample extinction is assumed to be the absorption extinction, i.e, an overestimated
light absorption extinction (AOE). This leads to overcorrection of the sample IFE in the
experimental PRS2 spectra, and consequently an overestimated light scattering extinction (S OE)
and an underestimated photon absorption extinction (AUE). (Figure 2.4 A)
Step 2: Use the underestimated photon absorption extinction from Step 1 to correct the
sample IFE in the PRS2 spectrum to obtain an underestimated light scattering extinction (S UE)
and a new overestimated light absorption extinction (AOE). (Figure 2.4 B-C)
Step 3: Calculate the mean-averaged maximum estimation errors in the light scattering
extinction according Eq. 4. If the 𝐸𝑟𝑟 is less than 0.01 or other error limit, one can simply take
the average of the SUE and SOE as the sample scattering extinction. Otherwise, use the new
overestimated light absorption extinction AOE from Step 2 to obtain a new SOE and AUE. The
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steps 2 and 3 iterate until Err is below 0.01 or another desired threshold value set by the user.
(Figure 2.4D)
𝑆 𝑂𝐸 − 𝑆 𝑈𝐸
𝐸𝑟𝑟 = 𝑂𝐸
(𝑆 + 𝑆 𝑈𝐸 )/2

(3.4)

Err – relative error of the calculated scattering extinction
SOE – overestimated scattering extinction
SUE – underestimated scattering extinction

Figure 2.4

(A), (B), and (C) shows the calculated SOE and SUE using iterated PRS2 for the
first, second, and third time, respectively. (D) Wavelength dependence of
calculated Err in first, second, and third iteration. (E) The final light scattering
extinction component spectrum calculated by averaging the SOE and SUE from the
third iteration (C). (F) (red) the experimental fPSNP extinction spectrum and
(black) the estimated absorption component spectrum obtained by subtracting the
estimated absorption extinction spectrum from the experimental fPSNP extinction
spectrum.
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This iteration PRS2 method has been used for decomposing the experimental UV-vis
extinction spectra of fPSNP of varying concentrations (Figure 2.5A) into its absorption and
scattering extinction spectra (Figure 2.5C and E). The average Err in the experimental light
scattering extinction in the entire wavelength region from 400 nm to 650 nm decreases from
8.410-4, 8.610-7, to 1.010-9 when PRS2 method is iterated for the first, second, and third time
(Figure 2.4D). The rapid convergence between the over- and under-estimated light scattering
extinction highlights efficiency of this iterative PRS2 method for experimental decomposition of
the sample extinction spectrum into their absorption and scattering component spectra.
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2.4.4

Correcting sample IFE on SSF in fluorescent nanoparticles

E
Figure 2.5

Experimental data obtained with the fPSNP. (A) UV-vis extinction spectra of the
fPSNP with increasing concentrations indicated with the arrow, (B) as-acquired
fPSNP SSF spectra, (C) and (E) are the fPSNP absorption and scattering extinction
spectra, respectively, obtained by iteration PRS2 decomposition of the UV-vis
extinction spectra in (A). (D) IFE-corrected SSF spectra that uses the photon
extinction for the IFE correction. (F) IFE-corrected SSF spectra that uses only the
sample photon absorption extinction for the IFE correction. (G) and (H) the asacquired and the sample-IFE corrected SSF spectral intensity as a function of
fPSNP concentration at the two representative emission wavelengths of 555 nm
and 575 nm, respectively. The black dots are the as-acquired data, while the dots in
red and blue are IFE-corrected SSF intensity that uses total photon extinction or
absorption extinction, respectively for the IFE correction.
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Equipped with the iteration PRS2 method, one can perform sample IFE correction on the
fluorescence and light scattering measurement in samples with unknown scattering and
absorption activities. The as-acquired fPSNP SSF spectra have been severely distorted due to the
sample IFE (Figure 2.5 B, G, and H). Overcorrection occurs when the photon extinction is used
for the correcting the sample IFE (Figures 2.5 D, G and H). However, excellent linearity was
observed for IFE-corrected fPSNP fluorescence signal as a function of its concentration when
only the sample photon absorption extinction is used for the IFE-correction (Figures 2.5 F, G,
and H). This demonstrates again the critical importance of quantitative decoupling of UV-vis
extinction spectrum into the sample photon scattering and absorption extinction contribution in
the sample IFE correction in SSF measurements. The fact that the light absorption extinction
spectra obtained with iteration PRS2 method yield near perfect IFE correction also confirms the
effectiveness of this technique for the experimental decomposition of the sample UV-vis
extinction spectrum into its absorption and scattering component spectra.
2.5

Conclusions
We demonstrated in this work that photon scattering and absorption differ drastically in

inducing the sample IFE on fluorescence, RS2, and PRS2 measurements. The light absorption
induces significant sample IFE (>5% signal attenuation) as long as the collective sample
absorption extinction at the emission wavelength and detection wavelength is larger than 0.05
(10-0.025). This is estimated by assuming the effective excitation and detection pathlengths are
both approximately 0.5 as observed for the 1 cm 1 cm cuvette used in this work. No significant
sample IFE is observed even when the collective light scattering extinction is as large as 0.90.
Treating light scattering extinction the same as absorption extinction induces substantial
overcorrection of the sample IFE in SSF measurements. For samples that contain significant
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photon scattering (S>0.02, for example), one should decompose the material UV-vis extinction
spectra into its absorption and scattering component spectra, and perform the sample IFE
correction using only photon absorption extinction. This spectral decomposition can be readily
performed with the iteration PRS2 method presented in this work. Since the methodology
presented in this work can be readily implemented by researchers with access to common UV-vis
spectrophotometers and spectrofluorometers, the presented technique and insights should have
broad impact on the chemical research that involves quantitative understanding of material
photon absorption, scattering, and emission that can currently occur in many realistic samples.
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CHAPTER III
QUANTIFICATION OF GOLD NANOPARTICLE OPTICAL PROPERTIES USING DIRECT
PRS2 METHOD: THE EFFECTS OF NANOPARTICLE GEOMETRY, SOLVENT
COMPOSITION, LIGAND FUNCTIONALIZATION, AND NANOPARTICLE
AGGREGATION
This work is published in: Xu, J. X.; Siriwardana, K.; Zhou, Y.; Zou, S.; Zhang, D.,
Quantification of Gold Nanoparticle Ultraviolet–Visible Extinction, Absorption, and Scattering
Cross-Section Spectra and Scattering Depolarization Spectra: The Effects of Nanoparticle
Geometry, Solvent Composition, Ligand Functionalization, and Nanoparticle Aggregation.
Analytical Chemistry 2018, 90, 785.
3.1

Abstract
In this chapter, the direct PRS2 technique is used to study gold nanoparticles (AuNP),

which is a light absorber and scatterer but non-emitter. We reported the quantification of photon
extinction, absorption, scattering cross-section spectra and scattering depolarization spectrum for
AuNPs of different sizes and shapes. The effects of the solvent composition, ligand
functionalization, and nanoparticle aggregation on the AuNP photon absorption and scattering
have also been experimentally quantified. The light scattering depolarization is close to 0 for
gold nanospheres (AuNSs) crossing the entire UV-vis region, but is strongly wavelengthdependent for gold nanorods (AuNRs). Increasing dielectric constant of the medium surrounding
AuNPs either by solvents or ligand adsorption increases photon absorption and scattering, but
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have no significant impact on the AuNP scattering depolarization. Nanoparticle aggregation
increases AuNP photon scattering. However, even the extensively aggregated AuNPs remain
predominantly photon absorbers with photon scattering-to-extinction ratios all less than 0.03 for
the investigated AuNPs in the spectral region from 300 nm to 750 nm. The AuNP scattering
depolarization initially increases with the AuNP aggregation, but decreases when the AuNP
aggregation further progresses. The insights from this study are important for a wide AuNP
applications that involves photon/matter interactions, while the provided methodology is directly
applicable for experimental quantification of optical properties for a wide range of nanoparticles
that are simultaneous photon absorbers and scatterers.
3.2

Introduction
One key attraction of nanoscale materials is their size-dependent optical properties.66-69

While photon scattering is a universal property, metal and metal oxide nanoparticles (NPs) are
often also active in photon absorption and emission because of quantum confinement. 70, 71
Quantitatively understanding NP optical activities is critical for establishing the correlation
among NP chemical structure, geometry, and optical properties. Such information is vital to
providing guideline for nanomaterial design for applications in display, solar energy harvesting,
optical sensing, and optoelectronics.72-79 However, experimental determination of the NP optical
properties including their photon absorption, scattering, and emission cross-sections is
challenging because of the complex interplay of the photon absorption, scattering, and emission.
As an example, existing fluorescence studies have focused exclusively on the Stokes’-shifted
fluorescence (SSF).80-82 The on-resonance fluorescence (ORF), where photon emission occurs at
the same wavelength as excitation has totally been ignored or mistakenly attributed to the
material photon scattering.83, 84
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Determination of the NP photon extinction spectrum and thereby its extinction crosssection spectrum is straightforward with conventional UV-vis spectrophotometric measurements.
However, experimental decomposition of the NP extinction spectrum into its absorption and
scattering spectra is difficult with existing methods. Current NP light scattering detections can be
divided into three categories. The first is the integration-sphere-based methods in which the
photons collected with the integration sphere is taken as the total photons scattered by the NPs.85
The second technique is the home-built UV-vis spectrophotometer in which the light collected at
90 degrees relative to the excitation direction is assumed to be the photons scattered by NPs.86
The third method uses the spectrofluorometer by assuming the resonance synchronous spectra
(RS2) is the analyte scattering intensity spectra.10 Unfortunately, none of those techniques has
simultaneously addressed the four technical obstacles. The first is the separation of the photon
scattering from ORF photons for material that is fluorescence active. The second is the
correction of the sample inner filter effect (IFE) induced by the material photon absorption of the
excitation and scattered/emitted photons. The third is the removal of the solvent Rayleigh
scattering and cuvette background scattering in the determination of the NP photon scattering
and ORF. The fourth is the under-sampling problem. This refers to the fact that no existing
approaches including the integration-sphere method are capable of collecting all scattered
photons generated by the samples. The fraction of the scattered/emitted photons collected
depends not only on the specific configuration of the employed instruments such as the detector
orientation, sample size, and acceptance angle, but also on the NP light scattering
depolarization.9 Such a depolarization dependence has, to our knowledge not been considered
before in the determination of the light scattering cross-sections.
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We have recently developed a polarized resonance synchronous spectroscopic (PRS2)
method that has enabled for the first time quantitative decoupling the interplay of the photon
absorption, scattering, and ORF emission.9 This method involves combined UV-vis extinction
and PRS2 measurements conducted with a conventional UV-vis spectrophotometer and
spectrofluorometer. The UV-vis extinction spectral measurement is important not only for
determination of NP extinction cross-section, but also for correcting the sample IFE in the PRS2
acquisition. The spectrofluorometer equipped with excitation and detection polarizers provides a
simple way for direct PRS2 measurement. The only difference between PRS2 and the
conventional resonance synchronous spectrum (RS2) lies in the fact that both excitation and
detected lights are linearly polarized in PRS2, but neither one is polarized in the conventional
RS2 technique. The PRS2 enables one to quantitatively separate the light scattering and ORF
signal by taking advantage of their significant difference in photon depolarization or anisotropy.9
AuNPs are among the most studied plasmonic nanoparticles that have found broad
applications in optical spectroscopy, optoelectronics, and solar energy harvesting. 77-79, 87 Earlier
works showed that the AuNP UV-vis extinction spectrum varies as a function of solvent
composition,88, 89 AuNP surface modifications,90, 91 and AuNP aggregations.92 However, how
much such variations are due to the AuNP photon absorption and scattering is unclear. Filling
these knowledge gaps is important for a wide range of existing AuNP applications and exploring
new areas of applications. This is because photon absorption and scattering are different optical
processes that respond differently to different experimental parameters and their impacts also
differ on different target applications. The study of the effects of solvents, ligand
functionalization, and the NP aggregation on the AuNP photon absorption and scattering
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activities should open door for one to fine tune the AuNP optical properties for its target
applications.
Using the combination of the UV-vis spectrophotometric and PRS2 measurements,
reported herein is the experimental quantification of the UV-vis extinction, absorption, scattering
cross-section spectra, and the scattering-depolarization spectrum for a series of gold
nanoparticles (AuNPs) with different sizes and shapes. Meanwhile, computational simulations
were used for exploring the effect of AuNP geometries on its optical activities and interpreting
the experimental data. The combined insights from the experimental and computational results
enabled us to explore the possible correlation between AuNP structure and optical properties
including the scattering-to-extinction ratio (SER), and scattering depolarizations. Besides, the
effects of surface modification, AuNP aggregation, and the solvent composition on AuNP photon
absorption and scattering were also quantified.
3.3
3.3.1

Experimental section
Materials and equipment
All chemicals were obtained from Sigma-Aldrich unless indicated otherwise. Nanopure

water (18.2 MΩ cm, Thermo Scientific) was used in all sample preparations. Mutated third IgGbinding domain of protein G (GB31) was provided by Prof. Nicholas Fitzkee at Mississippi State
University. Wild-type GB3 protein does not contain cysteine residue. The lysine residue at the
19th position in wild-type GB3 protein is replaced by a cysteine residue in GB31, so that GB31
can bind specifically to AuNP through formation of S-Au bond. The GB3 and GB31 sequences,
preparation, and its binding to AuNPs was described in previous publications. 91, 93 Both GB31
and bovine serum albumin (BSA) proteins were purified through membrane dialysis before use.
The gold nanorods (AuNRs) were obtained from Nanopartz. The catalog number of AuNR550,
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AuNR600, AuNR650 are A12-25-550 (Lot: E2973D), A12-25-600 (Lot: RPB045D) and A1225-650 (Lot: RPD236AD), respectively.
UV-vis measurements were taken with an Evolution 300 spectrophotometer (Thermo
Scientific, Waltham, MA). PRS2 spectra were acquired with a Fluoromax-4 spectrophotometer
(Horiba Jobin Yvon) equipped with both excitation and detection polarizers. The instrumental Gfactor of the spectrofluorometer needed for correcting the instrument polarization bias in the
signal response in the calculation of the light scattering depolarization is determined and
validated with a G-factor sample set (Raminescent LLC). Transmission Electron Microscopy
(TEM) images were obtained by a JEOL 2100 instrument with an accelerating voltage of 200kV
at Institute for Imaging & Analytical Technologies (I²AT). The AuNSs and AuNRs were
deposited on a Cu grid covered by a Formvar carbon film.
3.3.2

AuNS preparation
The AuNS13 was synthesized in house with the citrate reduction method, 94, 95 while

AuNS50 and AuNS70 nm were obtained from nanoComposix. The brief procedure for the
AuNS13 preparation is as follows. 0.0415 g of gold (III) chloride trihydrate was dissolved in 100
mL nanopure water. Solution was refluxed while stirring. Upon solution boiling, 10 mL of 38.8
mM sodium citrate dihydrate solution was added and the solution mixture was allowed for 20
min further refluxing. The peak localized surface plasmonic resonance (LSPR) extinction
wavelength is 520 nm, indicating the average diameter is 12.3 ± 1.5 nm for the spherical AuNP.
The concentration of the as-synthesized AuNS13 is 12 nM, estimated according to the peak
localized surface plasmonic resonance (LSPR) intensity.
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3.3.3

The effect of solvent
Solvent effect on AuNS13 plasmonic properties was studied by water/glycerol mixture

solvents containing 8.3%, 25% and 33% glycerol. AuNS (12 nM, 1 mL) were mixed with equal
volumes of glycerol solutions prior to UV-vis and PRS2 spectral acquisitions. Solvent PRS2
spectra were acquired and subtracted from their respective IFE-corrected AuNS/glycerol PRS2
spectra before further data analysis.
3.3.4

The effect of ligand binding
The effect of ligand functionalization on AuNS13 optical properties was studied using

glutathione (GSH), BSA, and GB31 as model ligands. GSH, GB31 and BSA concentrations were
changed form 2 -100 μM, 0.5 - 10 μM, and 0.25 -12.5 μM, respectively. Equal volumes of
AuNS13 and model ligands were mixed and incubated overnight prior UV-vis and PRS2 spectral
acquisition. PRS2 spectra of the ligand and solvent mixtures were taken and subtracted from the
IFE-corrected PRS2 spectra of the AuNS13/ligand mixture spectra before further data analysis.
3.3.5

The effect of AuNP aggregation
The effect of AuNP aggregation on the AuNP photon extinction, absorption, and

scattering cross-sections and scattering depolarization was studied using AuNS13 as the model
AuNP. The aggregation was induced by using KNO3 as the aggregate initiator and 20 μM BSA
as the aggregation quencher. Earlier research has shown that at the earlier stage of AuNP
aggregation can be readily quenched by BSA addition. 96 The degree of the aggregation was
controlled by treating AuNPs with different concentrations of KNO3 before quenched by BSA 10
min after the KNO3 and AuNP mixing. After vortex mixing the AuNPs with KNO3, BSA was
added into the AuNP/KNO3 solution. The final solution is vortex mixed briefly before UV-vis
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and PRS2 measurements. The solvent background PRS2 spectra obtained with the BSA and
KNO3 mixtures were subtracted from the IFE-corrected PRS2 spectra obtained with the
(AuNP/KNO3)/BSA mixtures before further data analysis.
3.3.6

Theoretical simulations
In the simulations, discrete dipole approximation (DDA) method is used. The detailed

description of the DDA method can be found in the previous literature.97, 98 The calculations of
the scattering, absorption, and extinction cross sections of a metal nanoparticle with different
shapes are straight forward by using the DDA method. In calculating the depolarization
properties of metal nanoparticles with different aspect ratio, we arranged nanoparticles with over
200 different orientations in the space and then integrated the scattered light along the detector
direction. The incident light is kept polarized in the horizontal direction but both vertical and
horizontal detection polarizations are used to mimic the experimental measurement.
3.3.7

Quantification of optical cross-sections and depolarization spectra
Since AuNPs are simultaneous photon scatterers and absorbers with no significant

fluorescence emission, the IFE-corrected AuNP PRS2 spectra contain only light scattering
feature from the solvent, cuvette, and the NP themselves, but not ORF. Therefore, its scattering
sca
( ) can be readily determined by the background-subtracted IFE-corrected
depolarization PAuNP

AuNP PRS2 spectra as described in Eq.1.2.
The AuNP light scattering cross-section spectrum is quantified by the PRS2 technique
that uses mono-dispersed polystyrene nanoparticles (PSNPs) as the external reference and
mathematically calculated by Eq.1.5.9
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3.4
3.4.1

Results and discussions
AuNS and AuNR optical activities
Gold nanospheres (AuNS) of different sizes are employed to investigate the effect of

particle volume on optical properties. Figure 3.1 shows the data obtained for AuNSs with the
diameters of 13 nm (AuNS13), 50 nm (AuNS50), and 70 nm (AuNS70). Figure 3.1A and 3.1B
are the PRS2 spectra obtained with the AuNS-containing solutions, while the spectra in Figure
3.1C and 3.1D are the PRS2 spectra present only features of the AuNS since they are obtained by
subtracting the solvent background PRS2 spectra from the IFE-corrected AuNS solution PRS2
spectra. The superscript “VV” and “VH” refers to the combination of the excitation and
detection polarizations. The effective path length of the spectrofluorometer, which is needed for
correcting the sample IFE in the PRS2 measurement, is 1.14 cm and it was quantified on the
basis of the IFE on solvent Raman signal.13, 36 The procedures for the path length determination,
sample IFE correction, and solvent background subtraction is available from the earlier
publication.9 The fact that the AuNS PRS2 spectra differ significantly from its solution PRS2
spectra highlights the importance of removing the sample IFE and solvent background
interference.
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Figure 3.1

As-acquired PRS2 spectra obtained with the AuNS solutions with excitation and
detection polarization combinations of (A) “VV” and (B) “VH”, respectively. The
AuNS-specific PRS2 spectra of excitation and detection polarization combinations
of (C) “VV” and (D) “VH”. (E), (F), (G), (H), and (I) are the AuNS extinction,
absorption, scattering cross-section spectra, scattering depolarization spectra, and
SER spectra, respectively. The solid lines are experimental data and the dash lines
are computational results. (J), (K), and (L) are representative TEM images
obtained with AuNS13, AuNS50, and AuNS70, respectively. The images for
AuNS50 and AuNS70 are provided by the vendor.

AuNS peak extinction (Figure 3.1E), absorption (Figure 3.1F), and scattering (Figure
3.1G) cross-sections, as well as the scattering-to-extinction ratio (SER, Figure 3.1I) spectra
increase with increasing particle sizes from 13 nm to 70 nm in diameter. SER is a measure of the
fractional contribution of light scattering to the UV-vis extinction. The fact that both the SER
value and absorption cross-section increase with increasing particle size indicates while AuNS
photon absorption and scattering increases with increasing AuNS sizes, and photon scattering
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increases faster than absorption crossing the entire spectral region. It also shows that photon
scattering is more sensitive than AuNP photon extinction and absorption in detecting AuNS size
variations.
Overall, the computational AuNS extinction, absorption, scattering, and SER spectra are
in good agreement with their experimental counterparts for all investigated AuNSs (Figures
3.1E, F, G, and I). This provides a cross-validation of both the computational methods and
experimental strategy. However, the experimental AuNS light scattering depolarization is
significantly higher than that of the computational counterparts (Figure 3.1I). This discrepancy is
due most likely to the fact that the AuNSs used in the computational simulations were assumed
to be perfectly spherical, while essentially none of the actual AuNSs is a perfect sphere, which is
evident from the AuNS TEM images (Figures 3.1I, J, and L). Indeed, some particles can be oval
or even rod shaped. It also suggests that scattering depolarization might be very sensitive to
shape variations, which is examined in the following section.
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Figure 3.2

(A-D) Schematic representation of the shape of the simulated AuNRs. The
computed (E) photon extinction, (F) absorption, and (G) scattering cross-section
spectrum, and the (H) depolarization spectrum for AuNRs with a constant volume
of 8200 nm3 but different aspect ratio. Peak (I) extinction, (J) absorption, (K)
scattering, and (L) depolarization as a function of the AuNR aspect ratio. The
arrows in the second-row plots refers to the data with increasing aspect ratios.

The effect of AuNP shape on its optical properties was subsequently studied by
computational simulations. In this simulation, the simulated AuNRs are constructed such that
two hemispheres at each end are linked by a cylindrical rod in the middle (Figure 3.2). The
aspect ratio is defined by the distance between the ends of the hemisphere divided by the
diameter of the cylinder diameter. Aiming to reveal the trend of how shape variation could
modify optical properties of AuNP, the volumes of the AuNP were kept the same but the shapes
vary from a perfect AuNS, which is viewed as AuNR with aspect ratio of 1.00, to AuNRs with
an aspect ratio of 5.10. The computational modeling reveals that light scattering depolarization is
extraordinarily sensitive for detection of shape transitions from nanosphere to nanorod (Figure 3.
2).
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The data shown in the Figure 3.2 indicates that the red shifts of wavelength at AuNR
peak extinction (Figure 3.2E), absorption (Figure 3.2F), scattering (Figure 3.2G), and values of
scattering depolarization (Figure 3.2H) all increase with increasing aspect ratios for AuNRs that
differ only in their shapes but with constant volume. Another key new learning is that the peak
light scattering depolarization value is far more sensitive in detecting the AuNP shape changes
from perfectly an nanosphere to nanorod with an aspect ratio below 2 (Figure 3.2L), while the
AuNP peak extinction, scattering, and absorption wavelength is more sensitive to the shape
change when the aspect ratio is higher than 2 (Figure 3.2E-G), and their cross-section peak
intensities are most sensitive when the aspect ratio falls in the region of 2 – 4 (Figure 3.2I-K).
This indicates the peak light scattering depolarization and peak scattering intensity and
wavelength are highly complementary in detection of the AuNP size and shapes. Since both light
scattering depolarization and cross-section spectra can be conveniently obtained with this PRS2
measurements, the data indicate that PRS2 can be used for in-situ studying the AuNP geometry
in solutions.
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Figure 3.3

Representative TEM images for the (A) AuNR550, (B) AuNR600, and (C)
AuNR650. AuNR (D) UV-vis extinction, (E) PRS2 VV, and (F) PRS2 VH spectra
of (black) AuNR550, (red) AuNR600, (green) AuNR650 and (pink) solvent. (G)
PRS2 and scattering cross-section spectra of external reference PSNP. The AuNS
(H) extinction, (I) absorption, (J) scattering depolarization, (K) scattering crosssection and (L) scattering-to-extinction (SER) ratio spectra.

To verify the above assumptions experimentally, PRS2 measurements were made on gold
nanorod (AuNR) with a nominal peak extinction wavelength of 550 nm (AuNR550), 600 nm
(AuNR600), and 650 nm (AuNR650). The reason why we use notations of AuNRaspect ratio
(Figure 3.2) but AuNRpeak wavelength (Figure 3.3) to represent the theoretical and experimental
AuNRs is that prepare AuNRs with the same volume, but different aspect ratios is currently
impossible. It is also difficult for the reliably experimental determination of the sizes and shapes
of the experimental AuNPs, which is clearly evident from the TEM images of different AuNRs
provided by the same vendor (Figure 3.3). As an example, the average volume of the AuNR600
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most likely the highest among these three commercial AuNRs, but its aspect ratio is larger than
that for AuNR550 but smaller than AuNR650 (Figures 3.3A-C). It is therefore impossible to
perform a head-to-head comparison of the computational data with experimental values shown in
Figure 3.3. Qualitatively, however, the experimental data obtained with the AuNR550,
AuNR600, and AuNR650 (Figure 3.3) are in a reasonable agreement with the computational
results. First, they both show that AuNRs remain predominantly photon absorbers with no
significant scattering. The largest SER value as the peak extinction wavelength is 0.004, 0.017,
and 0.021 for the AuNR550, AuNR600, and AuNR650, respectively. Second, experimental
depolarization spectra (Figure 3.3J) all exhibit the similar wavelength dependence as the
computed data (Figure 3.2H). The depolarizations of the AuNRs are very close to zero in the
wavelength region below 520 nm, then rapidly increasing to its maximum between 550 nm to
650 nm, followed by a slow decrease.
The reason that the depolarization maximum appears between 550 nm and 650 nm is due
to the fact both the transverse and longitudinal modes are comparably active at this spectral
region. The peak resonance wavelength of the transverse mode is around 520 nm followed by a
gradual activity decrease, while the longitudinal mode activity increases before reaching its peak
resonance wavelength which varies from 650 nm to 950 nm. The AuNR peak depolarization
should appear in between the peak resonance wavelength of both modes and at the wavelength
when the magnitudes of the excited transverse modes and longitudinal modes are comparable.
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3.4.2

Solvent effect on the AuNP plasmonic properties

Figure 3.4

Comparison of (1st column) experimental (labeled as “Exp.”) and (2nd column)
computational (labeled as “Comp.”) optical properties of AuNS13 in
glycerol/water mixtures. (A) Experimental and (B) computational UV-vis
extinction cross section spectra, (E) experimental and (F) computational absorption
cross section spectra, (I) experimental and (J) computational scattering cross
section spectra of AuNS13 in glycerol/water mixtures. (C) Experimental and (D)
computational UV-vis extinction, (G) experimental and (H) computational
absorption, (K) experimental and (L) computational scattering cross section
intensity variation at peak maximum as a function of (black) glycerol percentage
and (red) refractive index (n) of glycerol/water mixtures. (M) Experimental and
(N) computational depolarization, (O) experimental and (P) computational SER
value at peak maximum as a function of glycerol percentage.

Experimental data described in this and subsequent sections were all acquired with
AuNS13 as the model AuNP. It is known that the AuNP UV-vis extinction increases with the
increasing solvent dielectric constant.67, 99 However, how much such increment is due to photon
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absorption or scattering is unclear. Moreover, the solvent effect on the AuNP light scattering
depolarization has not been investigated. Figure 3.4 compares experimental with computational
data obtained with the AuNS13 dissolved in the water/glycerol mixture solvents. The dielectric
constants of the glycerol/water mixture solvent were calculated according to previous
literature.100 Evidently, the experimental and computational AuNS extinction (Figures 3.4A - B),
absorption (Figures 3.4E - F), and scattering cross-section spectra (Figures 3.4I - J) are all in
excellent agreement, showing that these cross-sections all increase linearly with increasing
glycerol concentrations and the solvent refractive index, but the light scattering depolarization is
totally independent of the glycerol concentrations for the studied nanoparticles (Figure 3.4M N). This is to our knowledge, the first experimental and computational investigation of the
solvent effects on photon absorption and scattering contribution to the AuNP UV-vis extinction
spectra and on the AuNP scattering depolarization.
The fact that solvent dielectric has no detectable effect on the AuNS light scattering
depolarization is consistent with the theoretical consideration that increasing solvent dielectric
constant is equivalent to increasing the size of the AuNS, but it has no effect on the shape of the
AuNS. Since the AuNS light scattering depolarization are negligibly small in the size range from
13 and 70 nm in diameter, it is not surprising that the small change in the AuNP size by
increasing the solvent dielectric constant is inadequate to cause significant change on the AuNS
scattering depolarization.
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3.4.3

Effect of AuNP surface functionalization

Figure 3.5

Effect of the ligand functionalization on the AuNS13 optical properties. The model
ligands are (Top row) GSH, (Middle row) GB31, and (bottom row) BSA. AuNS
(A) UV-vis extinction, (B) absorption, and (C) scattering cross-section spectra in
GSH aqueous solutions, respectively. AuNS (D) UV-vis extinction, (E)
absorption, and (F) scattering cross-section spectra in GB31 aqueous solutions,
respectively. AuNS (G) UV-vis extinction, (H) absorption, and (I) scattering crosssection spectra in BSA aqueous solutions, respectively. The insets are the peak
photon extinction, absorption, and scattering cross-sections as a function of the
nominal ligand concentrations.

Ligand binding has significant impact on the AuNP localized surface plasmonic
resonance (LSPR) properties. Figure 3.5 compares the AuNP UV-vis extinction, scattering,
absorption cross-section spectra as the function of the nominal concentration of model ligands
including GSH, GB31, and BSA. The molecular weight of GSH, GB31, and BSA are 307, 6208,
and 67000 g/mol, respectively. This set of the ligands were chosen because first, they all contain
thiols that can bind to AuNPs through the Au-S bond formation. Second, they are highly
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hydrophilic and their binding has no significant effect on the AuNP dispersion stability.91, 101, 102
Third, the large difference in their molecular weights/sizes also provides opportunity for us to
study the possible effect of ligand size on the AuNP photonic activity.
In the lower range of investigated ligand concentration, the binding of GSH, GB31, and
BSA all increases the AuNP UV-vis extinction, scattering, and absorption cross-sections, which
increase with increasing ligand concentrations in the AuNS/ligand mixture solutions. These
results are expected because the ligand binding increases the dielectric constant of the medium
immediately surrounding the AuNP surfaces. In the case of GSH and GB3 1, the AuNP optical
cross-sections reach a plateau when the ligand concentration is higher than 15 µM for GSH and 3
µM for GB31. In the case of BSA, however, the AuNP extinction, scattering, and absorption
cross-sections monotonically increase with increasing BSA concentrations.
The difference between BSA and the two other ligands most likely lies in their sizes.
Ligands can modify the optical properties of the AuNP-containing solutions through three
pathways. The first is the direct ligand adsorption that increases the dielectric constant of the
medium immediately surrounding the AuNP surfaces. Such effect is clearly in effect for all the
three ligands. The second is the ligand-induced AuNP aggregation. This commonly occurs when
the ligands are hydrophobic molecules,102, 103 or electrolytes with high concentrations.104
Electrolytes that can form ion pairs on the AuNP surfaces can induce AuNP aggregation even at
micromolar concentrations.105 However, this AuNP aggregation pathway can be excluded as no
wavelength shifts of the AuNP surface plasmonic peak are induced by GSH-, GB31-, or BSA.
This is because the GSH-, GB31-, and BSA-functionalized AuNPs all have excellent dispersion
stability in water. The third mechanism is the solvent dielectric changes induced by the excess
ligands. BSA is a macromolecule with molecular weight of 67,000 g/mol, which is 120 and 10
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times higher than GSH and GB31, respectively. Presumably, excess BSA is much more effective
to change solution dielectric constant than excess GSH and GB31 of the similar concentrations.
This explains why for GSH and GB31, AuNS photon extinction, absorption, and scattering
increases with increasing ligand concentration until saturation adsorption of ligand was reached
in the investigated concentration range (insets in Figure 3.5A-F), but the optical cross-sections of
the AuNP mixed with BSA monotonically increase with increasing BSA concentration (insets in
Figure 3.5G-I).
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3.4.4

Effect of aggregation on AuNP LSPR features

Figure 3.6

Experimental data obtained with (1st column) AuNS13/BSA, (2nd column)
(AuNS13/25mM_KNO3)/BSA, (3rd column) (AuNS13/30mM_KNO3)/BSA, (4th
column) (AuNS13/50mM_KNO3)/BSA. The AuNP concentrations are identical in
all four samples. (1st row) TEM images of (A) AuNS13/BSA, (B)
(AuNS13/25mM_KNO3)/BSA, (C) (AuNS13/30mM_KNO3)/BSA, (D)
(AuNS13/50mM_KNO3)/BSA. (2nd row) UV-vis extinction cross-section spectra
of (E) AuNS13/BSA, (F) (AuNS13/25mM_KNO3)/BSA, (G)
(AuNS13/30mM_KNO3)/BSA, (H) (AuNS13/50mM_KNO3)/BSA. (3rd row)
Absorption cross-section spectra of (I) AuNS13/BSA, (J)
(AuNS13/25mM_KNO3)/BSA, (K) (AuNS13/30mM_KNO3)/BSA, (L)
(AuNS13/50mM_KNO3)/BSA. (4th row) Scattering cross-section spectra of (M)
AuNS13/BSA, (N) (AuNS13/25mM_ KNO3)/BSA, (O) (AuNS13/30mM_
KNO3)/BSA, (P) (AuNS13/50mM_ KNO3)/BSA, respectively. (5th row) (red)
Experimental AuNS scattering depolarization and (black) SER ratio spectra of (Q)
AuNS13/BSA, (R) (AuNS13/25mM_ KNO3)/BSA, (S) (AuNS13/30mM_
KNO3)/BSA, (T) (AuNS13/50mM_ KNO3)/BSA, respectively.
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UV-vis spectrometry is the most convenient, effective, and broadly applied method to
monitor the AuNP aggregation.106 This is because AuNP aggregation induces red-shift and
broadening of the AuNP LSPR peaks.107 However, quantitative understanding of the effect of
AuNP aggregation on the photon absorption and scattering contribution to the AuNP extinction
spectra is currently lacking. Furthermore, there is no analytical method capable of providing the
in-situ shape information on the AuNP aggregates in solutions.
Figure 3.6 shows that with the increasing degree of AuNP aggregation, the UV-vis
extinction peak becomes increasingly broader and the spectral intensity at long wavelength
region becomes increasingly prominent. The photon absorption at 520 nm region, which is
assigned to the monomeric AuNPs, decreases with increasing AuNP aggregations. These results
are expected because the number of the monomeric AuNP reduces as the AuNP aggregate
proceeds. The increased UV-vis intensity at the long wavelength region is due to the LSPR
feature of the aggregated AuNPs.
There are two most noteworthy observations for the data in Figure 3.6. First, regardless
of the interplay of the photon absorption and scattering at different wavelength, the aggregated
AuNPs remain predominantly a photon absorber across the entire investigated wavelength
region. Indeed, the largest SER ratio for the aggregated AuNPs at the peak extinction wavelength
is 0.027 (Figure 3.6), indicating that light absorption contributes at least 97 % of the intensity to
the AuNP UV-vis extinction spectra. In contrast, the photon scattering only contributes by
maximum 3% to the UV-vis extinction.
The second important observation is that the light scattering depolarization provides a
simple measurement of the shape evolution of the AuNP aggregates. The peak depolarization
increases initially with the degree of the AuNP aggregation, but then decreases as the
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aggregation further progress. The most likely reason is that the initial AuNP aggregation
proceeds through the formation of dimer and trimer aggregates that are likely in a chain-/rod-like
structure. These aggregates have large depolarization as shown by the experimental data
obtained with AuNS and AuNR. However, the further aggregations most likely proceed by the
agglomeration of the oligomerized AuNPs. Such AuNP agglomerates presumably adopt a
globular structure with negligible photon scattering depolarization. This hypothesis is consistent
with the experimental observation made with spherical polystyrene beads that have no detectable
scattering depolarization.9 It is also supported by the TEM images acquired with the BSA
stabilized as-synthesized AuNPs and the aggregated AuNPs. The as-synthesized AuNPs are
mostly isolated (Figure 3.6A), but a few AuNP dimers and trimers are observed in the samples
with a relatively small degree of AuNP aggregation and large depolarization. The AuNPs are
apparently piled on the top of each other in the TEM images obtained with the heavily
aggregated AuNP sample (Figure 3.6D). Computational simulation reveals that the peak
depolarization is ~0.5 when three AuNSs with a diameter of 13 nm are aggregated linearly, but
~0.15 when they aggregate into an equilateral triangle. This further indicates the sensitivity of
light scattering depolarization for monitoring the shape variations of the AuNP aggregates.
3.5

Conclusions
Using the recently developed PRS2 method in combination of UV-vis spectrometry, we

have experimentally quantified the photon extinction, absorption, and scattering cross-sections
and scattering depolarization for AuNPs of different sizes and shapes. The effect of the solvent
dielectric, ligand binding, and nanoparticle aggregation on the AuNP photon extinction,
absorption, and scattering cross-section and scattering depolarization has also been quantified.
While increasing the AuNP sizes simultaneously increases the AuNS photon absorption and
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scattering, the fractional light scattering contribution to the AuNS photon extinction remains
small for all investigated AuNSs and AuNRs. Increasing the solvent dielectric increases the
photon extinction, absorption, and scattering cross-sections at the peak extinction wavelengths.
Ligand binding also increases the AuNP photon extinction, absorption, and scattering crosssections. The AuNP aggregation has profound effect on its surface plasmonic properties as it
changes not only the AuNP extinction, absorption, scattering cross-sections, but also the
scattering depolarizations. Besides providing a series of new insights on the effect of AuNP
geometry, solvent composition, ligand functionalization, and nanoparticle aggregation on the
AuNP optical properties, the technique presented in this work should lead ways for in-situ
monitoring AuNP structure modifications including crystal growth, aggregation, and digestions.
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CHAPTER IV
QUANTIFICATION OF MATERIAL FLUORESCENCE AND LIGHT SCATTERING
CROSS-SECTIONS USING RATIOMETRIC BANDWIDTH-VARIED POLARIZED
RESONANCE SYNCHRONOUS SPECTROSCOPY
This work is published previously: Xu, J. X.; Hu, J.; Zhang, D., Quantification of
Material Fluorescence and Light Scattering Cross Sections Using Ratiometric Bandwidth-Varied
Polarized Resonance Synchronous Spectroscopy. Analytical Chemistry 2018, 90, 7406.
4.1

Abstract
Presented herein is the ratiometric bandwidth-varied polarized resonance synchronous

spectroscopy (BVPRS2) method for quantification of materials’ optical activity spectra, which
include the sample light absorption and scattering cross-section spectrum, the scattering
depolarization spectrum, and the fluorescence emission cross-section and depolarization
spectrum in the wavelength region where the sample both absorbs and emits. This ratiometric
BVPRS2 spectroscopic method is a self-contained technique, capable of quantitatively
decoupling material fluorescence and light scattering signal through the linear curve-fitting the
ratiometric BVPRS2 intensity as a function of the wavelength bandwidth used in the PRS2
measurements. Example applications of this BVPRS2 method are demonstrated with materials
that can be approximated as pure scatterers, simultaneous photon absorbers/emitters,
simultaneous photon absorbers/scatterers, and finally simultaneous photon absorbers/scatterers/
emitters. Since the only instruments needed for this BVPRS2 techniques are the conventional
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UV-vis spectrophotometer and spectrofluorometer, this work should open doors for routine
decomposition of material UV-vis extinction spectrum into its absorption and scattering
component spectra. The methodology and insights provided in this work should be of broad
significance to all chemical research activities that involve photon/matter interactions.
4.2

Introduction
We have recently developed a polarized resonance synchronous spectroscopy (PRS2)

method and demonstrated that both fluorophore photon scattering and fluorescence emission can
contribute to the resonance synchronous spectroscopic (RS2) signal obtained with fluorescent
samples. However, beguiled by the fact that the PRS2 spectra were acquired under resonance
condition in which the excitation and detection wavelengths were kept identical during the entire
spectral acquisition, we have attributed the fluorescence signal observed in PRS2 spectrum
exclusively to fluorophore on-resonance fluorescence (ORF), the possible off-resonance
fluorescence including Stokes’-shifted fluorescence (SSF) and anti-Stokes’-shifted fluorescence
(ASSF) contribution to the PRS2 spectra was totally ignored.
Demonstrated herein is a ratiometric bandwidth-varied PRS2 (BVPRS2) method that
provides conclusive evidence that ORF, SSF and ASSF all contribute to the fluorescence signal
observed in the PRS2 spectrum. As such, the fluorophore ORF cross-sections evaluated in the
earlier PRS2 works should be referred to as generally the fluorescence cross-sections comprising
ORF, SSF and ASSF contributions. Theoretical consideration and experimental measurements
reveal that the light scattering contribution to the ratiometric BVPRS2 spectra is totally
independent of the wavelength bandwidth, but the fluorescence contribution increases linearly
with the wavelength bandwidth. This provides a convenient way to differentiate and separate the
material light scattering and fluorescence emission in its ratiometric BVPRS2 spectrum. This
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contrasts with the direct PRS2 spectroscopic technique that can only separate the light scattering
and fluorescence signal when the material light scattering depolarization is zero and fluorescence
depolarization is unity.
4.3

Theoretical consideration
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(4.2)

𝐼𝑜 (𝜆, 𝑊) – normalized excitation intensity which is achieved by dividing the signal by
reference detector signal (S1/R1). 𝐼𝑜 which is wavelength 𝜆 and bandwidth 𝑊 dependent
𝐾(𝜆, 𝑊) – the combined effects of the detector quantum yield, the excitation beam size,
and collection volumes.
𝐵𝑉 (𝜆, 𝑊 ) and 𝐵𝐻 (𝜆, 𝑊) – detection polarization bias of the instrument response when
the detection polarization is vertical (V) and horizontal (H), respectively
𝐶𝑓 – fluorophore (f) or analyte concentration
𝐹
𝐹
𝜎𝑓,𝑉𝑉
(𝜆𝑥 , 𝜆𝑚 ) and 𝜎𝑓,𝑉𝐻
(𝜆𝑥 , 𝜆𝑚 ) – fluorophore fluorescence (F) cross-sections at the

exact excitation wavelength of 𝜆𝑥 and detection wavelength of 𝜆𝑚 under the excitation
and detection polarization combinations of “VV” and “VH”, respectively.
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𝑆𝑐𝑎
𝑆𝑐𝑎
𝜎𝑓,𝑉𝑉
(𝜆𝑥 ) and 𝜎𝑓,𝑉𝐻
(𝜆𝑥 ) – fluorophore scattering (Sca) cross-sections at the exact

excitation wavelength of 𝜆𝑥 under the excitation and detection polarization combinations
of “VV” and “VH”, respectively.

In terms of generality, the ratiometric BVPRS2 method is developed for the most
optically complex materials that are simultaneously photon absorbers, scatterers, fluorescent
emitters in the probed wavelength region. Mathematically, the BVPRS2 spectra detected with
excitation and detection polarization combinations of “VV” and “VH” can be represented using
Eqs. 4.1 and 4.2, respectively. “V” and “H” represent the light polarization vertical or horizontal
to plane defined by the excitation lamp, cell sample, and detector of the spectrofluorometer used
for the BVPRS2 measurements. Eqs. 4.1 and 4.2 are derived similarly as that for Eqs. 21 and Eq.
22, respectively in the direct PRS2 publication.9 The inclusion of wavelength bandwidth
parameter W in the variables in Eqs. 4.1 and 4.2 reflects the fact that these variables can depend
on the wavelength bandwidth used in the resonance excitation and detection conditions.
𝐹
𝐹
𝜎𝑓,𝑉𝑉
(𝜆𝑥 , 𝜆𝑚 ) and 𝜎𝑓,𝑉𝐻
(𝜆𝑥 , 𝜆𝑚 ) refer to the fluorophore fluorescence (F) cross-sections

at the exact excitation wavelength of 𝜆𝑥 and exact detection wavelength of 𝜆𝑚 under the
excitation and detection polarization combinations of “VV” and “VH”, respectively. This is in
𝑂𝑅𝐹
𝑂𝑅𝐹
contrast to the notations 𝜎𝑓,𝑉𝑉
(𝜆) and 𝜎𝑓,𝑉𝐻
(𝜆) used in the direct PRS2 work.9 Replacing the

superscript “ORF” with “F” is to clarify that both off-resonance and on-resonance fluorescence
contribute to the detected PRS2 signal. The using of two wavelength variables 𝜆𝑥 and 𝜆𝑚 in the
𝐹
𝐹
fluorescence cross-section terms 𝜎𝑓,𝑉𝑉
(𝜆𝑥 , 𝜆𝑚 ) and 𝜎𝑓,𝑉𝐻
(𝜆𝑥 , 𝜆𝑚 ) indicates that the wavelength

of the emitted photons can be different from the incident photons even at the resonance
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excitation and detection conditions. This is true in all practical experiments since all
measurements are conducted with a finite (not infinitely small) wavelength bandwidth.
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scattering terms in Eqs.4.1 and 4.2 describe the fluorophore integrated light scattering crosssections in the excitation and collection wavelength region from  − 𝑊/2 to  + 𝑊/2.
Since the detection wavelength bandwidth W in practical PRS2 measurements is very
small in comparison to the bandwidth of typical light scattering and fluorescence peaks, one can
𝐹
approximate the material fluorescence and light scattering cross-section 𝜎𝑓,𝑉𝑉
(𝜆𝑥 , 𝜆𝑚 ),
𝐹
𝑆𝑐𝑎 ( )
𝑆𝑐𝑎 ( )
𝜎𝑓,𝑉𝐻
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𝜆𝑥 and 𝜎𝑓,𝑉𝐻
𝜆𝑥 in the wavelength region from  − 𝑊/2 to  + 𝑊/2 as
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𝑂𝑅𝐹
𝑂𝑅𝐹
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𝑆𝑐𝑎 ( )
constants of 𝜎𝑓,𝑉𝑉
(𝜆) , 𝜎𝑓,𝑉𝐻
(𝜆) , 𝜎𝑓,𝑉𝑉
𝜆 and 𝜎𝑓,𝑉𝐻
𝜆 , respectively. Under this condition, Eqs.

4.1 and 4.2 are then converted into Eqs. 4.3 and 4.4 with simple mathematical manipulations.
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Experimental determination of the instrument parameters 𝐵𝑉 (𝜆, 𝑊 ), 𝐵𝐻 (𝜆, 𝑊 ), 𝐾(𝜆, 𝑊)
and 𝐼𝑜 (𝜆, 𝑊 ) is impossible. This precludes the possibility for direct experimental quantification
of the fluorophore polarized light scattering and fluorescence cross-sections using the PRS2
spectra obtained with fluorophores alone. Fruitfully, these instrument-related parameters can be
eliminated ratiometrically by using pure light scatterers such as polystyrene nanoparticle (PSNP)
𝑆𝑐𝑎
as the external reference. The PSNP light scattering cross-section (𝜎𝑃𝑆𝑁𝑃
(𝜆)) can be readily

quantified using conventional UV-vis measurement. Mathematically, the PSNP BVPRS2
spectrum can be expressed with Eq. 4.5. This equation is obtained from Eq. 4.3 by treating PSNP
𝑂𝑅𝐹 ( )
as a pure scatterer with fluorescence cross-section of 0 (𝜎𝑃𝑆𝑁𝑃
𝜆 = 0). Dividing Eq. 4.3 by

Eq.4.5, and Eq. 4.4 by Eq. 4.5 leads to Eq. 4.6 and Eq. 4.7, respectively.

𝑃𝑅𝑆2
𝑆𝑐𝑎
(𝜆, 𝑊 ) = 𝐼𝑜 (𝜆, 𝑊 )𝐾 (𝜆, 𝑊)𝐵𝑉 (𝜆, 𝑊 )𝐶𝑃𝑆𝑁𝑃 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)
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(4.5)

𝑃𝑅𝑆2
𝐼𝑓,𝑉𝑉
(𝜆, 𝑊)
𝑃𝑅𝑆2
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆, 𝑊)
𝑃𝑅𝑆2
𝐼𝑓,𝑉𝐻
(𝜆, 𝑊)

=

𝐶𝑓

𝑂𝑅𝐹
𝜎𝑓.𝑉𝑉
(𝜆)

𝑆𝑐𝑎
𝐶𝑃𝑆𝑁𝑃 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝑊+

𝐶𝑓

𝑆𝑐𝑎
𝜎𝑓,𝑉𝑉
(𝜆)

(4.6)

𝑆𝑐𝑎
𝐶𝑃𝑆𝑁𝑃 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝑂𝑅𝐹
𝑆𝑐𝑎
𝐵𝐻 (𝜆, 𝑊 )𝜎𝑓.𝑉𝐻
(𝜆)
𝐵𝐻 (𝜆, 𝑊)𝜎𝑓,𝑉𝐻
(𝜆)
𝐶𝑓
=
𝑊
+
𝑃𝑅𝑆2
𝑆𝑐𝑎
𝑆𝑐𝑎
𝐶𝑃𝑆𝑁𝑃 𝐵𝑉 (𝜆, 𝑊 )𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆, 𝑊) 𝐶𝑃𝑆𝑁𝑃 𝐵𝑉 (𝜆, 𝑊)𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)
(𝜆)

𝐶𝑓

(4.7)

The ratio between 𝐵𝑉 (𝜆, 𝑊 ) and 𝐵𝐻 (𝜆, 𝑊 ) is the G-factor spectrum 𝐺 (𝜆, 𝑊 ) (Eq. 4.8)
that quantifies the instrument bias on the polarization of the detected photons.9 It is trivial to
demonstrate that the G-factor spectrum 𝐺 (𝜆, 𝑊 ) can be experimentally determined by Eq. 4.9.
Any materials with nonzero scattering and/or fluorescence depolarizations can be used for Gfactor spectrum acquisition.
𝐺(𝜆, 𝑊 ) =

𝐵𝑉 (𝜆, 𝑊)
𝐵𝐻 (𝜆, 𝑊)

(4.8)
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𝐼𝐻𝑉
(, 𝑊)
(4.9)
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𝐼𝐻𝐻 (, 𝑊)
𝑃𝑅𝑆2 (
𝑃𝑅𝑆2 (
𝐼𝐻𝑉
, 𝑊) and 𝐼𝐻𝐻
, 𝑊) – material PRS2 spectra obtained with combination of

excitation and detection polarization of “HV” and “HH”, respectively.

Multiplying both side of Eq. 4.7 with 𝐺 (𝜆, 𝑊 ) defined by Eq. 4.8 leads to Eq. 4.10.
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𝜎𝑓.𝑉𝐻
(𝜆)

𝑆𝑐𝑎
𝐶𝑃𝑆𝑁𝑃 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝑊+

𝐶𝑓

𝑆𝑐𝑎
𝜎𝑓,𝑉𝐻
(𝜆)

𝑆𝑐𝑎
𝐶𝑃𝑆𝑁𝑃 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

(4.10)

is linearly dependent on the wavelength bandwidth W (Eq. 4.6), so is the
𝐼 𝑃𝑅𝑆2 (,𝑊)

𝑓,𝑉𝐻
quantity of 𝐺(, 𝑊 ) 𝐼𝑃𝑅𝑆2

𝑃𝑆𝑁𝑃,𝑉𝑉 (,𝑊)

(Eq. 4.10). For the discussion simplicity, we will refer hereafter
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𝑃𝑅𝑆2
𝐼𝑓,𝑉𝑉
(𝜆,𝑊)
𝑃𝑅𝑆2
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉

𝐼 𝑃𝑅𝑆2 (,𝑊)

𝑓,𝑉𝐻
and 𝐺 (, 𝑊 ) 𝐼𝑃𝑅𝑆2
(𝜆,𝑊)

𝑃𝑆𝑁𝑃,𝑉𝑉 (,𝑊)

𝑃𝑅𝑆2
to as the sample ratiometric BVPRS2 spectra 𝑅𝑉𝑉
(, 𝑊)

𝑃𝑅𝑆2
and 𝑅𝑉𝐻
(, 𝑊), respectively. In this case, Eqs. 4.6 and 4.10 are rewritten as Eqs. 4.11 and 4.12,

respectively where the slope (𝐶

𝑂𝑅𝐹
𝜎𝑓.𝑉𝑉
(𝜆)

𝐶𝑓

𝑃𝑆𝑁𝑃

𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃,𝑉𝑉

) and intercept (𝐶
(𝜆)

𝐶𝑓

𝑃𝑆𝑁𝑃

𝑆𝑐𝑎
𝜎𝑓,𝑉𝑉
(𝜆)
𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

) in Eq. 4.6 are

𝑂𝑅𝐹
𝜎𝑓.𝑉𝐻
(𝜆)
𝑆𝑐𝑎
𝜎
𝑃𝑆𝑁𝑃 𝑃𝑆𝑁𝑃,𝑉𝑉 (𝜆)

denoted as 𝑆𝑉𝑉 (𝜆) and 𝑏𝑉𝑉 (𝜆), respectively, and the slope (𝐶
(𝐶

𝐶𝑓

𝑃𝑆𝑁𝑃

𝑆𝑐𝑎
𝜎𝑓,𝑉𝐻
(𝜆)
𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝐶𝑓

) and intercept

) in Eq. 4.10 as 𝑆𝑉𝐻 (𝜆) and 𝑏𝑉𝐻 (𝜆). The ratio between the slopes gives rise the

fluorophore fluorescence depolarization spectrum (Eq. 4.13), while that between the intercepts is
the fluorophore light scattering depolarization spectrum (Eq. 4.14).

𝑃𝑅𝑆2 (
𝑅𝑉𝑉
, 𝑊) = 𝑆𝑉𝑉 ()W + 𝑏𝑉𝑉 ()

(4.11)

𝑃𝑅𝑆2 (
𝑅𝑉𝐻
, 𝑊) = 𝑆𝑉𝐻 ()W + 𝑏𝑉𝐻 ()

(4.12)

𝑃𝑅𝑆2
𝑃𝑅𝑆2
𝑅𝑉𝑉
(, 𝑊) and 𝑅𝑉𝐻
(, 𝑊) – sample ratiometric BVPRS2 spectra

𝑆𝑉𝑉 (𝜆) and 𝑆𝑉𝐻 (𝜆) – slopes of the ratiometric BVPRS2 VV and VH spectra, respectively
𝑏𝑉𝑉 (𝜆) and 𝑏𝑉𝐻 (𝜆) – intercepts of the ratiometric BVPRS2 VV and VH spectra,
respectively

𝑃𝑓𝐹 (𝜆)

𝐹
𝜎𝑓,𝑉𝐻
(𝜆) 𝑆𝑉𝐻 ()
= 𝐹
=
𝜎𝑓,𝑉𝑉 (𝜆) 𝑆𝑉𝑉 ()

𝑃𝑓𝑆𝑐𝑎 (𝜆)

=

𝑆𝑐𝑎
𝜎𝑓,𝑉𝐻
(𝜆)
𝑆𝑐𝑎
𝜎𝑓,𝑉𝑉
(𝜆)

=
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𝑏𝑉𝐻 ()
𝑏𝑉𝑉 ()

(4.13)

(4.14)

𝜎 𝑂𝑅𝐹 (𝜆)

Using the relationship between𝜎𝑆𝑐𝑎𝑓,𝑉𝑉

𝑃𝑆𝑁𝑃,𝑉𝑉

𝜎𝑓𝑆𝑐𝑎 (𝜆)
𝑆𝑐𝑎 (𝜆)
𝜎𝑃𝑆𝑁𝑃

𝜎 𝑂𝑅𝐹 (𝜆)

𝑓
and 𝜎𝑆𝑐𝑎
(𝜆)

𝑃𝑆𝑁𝑃 (𝜆)

𝜎 𝑆𝑐𝑎 (𝜆)

(Eq. 4.15), and 𝜎𝑆𝑐𝑎𝑓,𝑉𝑉

𝑃𝑆𝑁𝑃,𝑉𝑉 (𝜆)

and

(Eq. 4.16) established in the earlier work,9 Eq. 4.17 and Eq. 4.18 are developed for

calculating the fluorophore ORF cross-section 𝜎𝑓𝑂𝑅𝐹 (𝜆), and light scattering cross-section
𝜎𝑓𝑆𝑐𝑎 (𝜆). 𝜎𝑓𝑂𝑅𝐹 (𝜆) and 𝜎𝑓𝑆𝑐𝑎 (𝜆) the fluorophore ORF and light scattering cross-sections under
plane polarized light for excitation but with hypothetical three-dimensional global detection of
all lights that are polarized in X, Y, and Z directions.
𝜎𝑓𝑆𝑐𝑎 (𝜆)
𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃
(𝜆)

𝜎𝑓𝑂𝑅𝐹 (𝜆)
𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃
(𝜆)

𝜎𝑓𝑂𝑅𝐹 (𝜆)

=

𝜎𝑓𝑆𝑐𝑎 (𝜆) =

=

=

(1 + 2𝑃𝑓𝑆𝑐𝑎 (𝜆))

𝑆𝑐𝑎
𝜎𝑓,𝑉𝑉
(𝜆)

𝑆𝑐𝑎
𝑆𝑐𝑎
(1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆)) 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)
𝑂𝑅𝐹
(1 + 2𝑃𝑓𝑂𝑅𝐹 (𝜆)) 𝜎𝑓,𝑉𝑉
(𝜆)
𝑆𝑐𝑎
𝑆𝑐𝑎
(1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆)) 𝜎𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆)

𝐶𝑃𝑆𝑁𝑃 (1 + 2𝑃𝑓𝑂𝑅𝐹 (𝜆))𝑆𝑉𝑉 (𝜆)
𝑆𝑐𝑎
𝐶𝑓 (1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆))

𝐶𝑃𝑆𝑁𝑃 (1 + 2𝑃𝑓𝑆𝑐𝑎 (𝜆))𝑏𝑉𝑉 (𝜆)
𝑆𝑐𝑎
𝐶𝑓 (1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆))

(4.15)

(4.16)

𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃
(𝜆)

(4.17)

𝑆𝑐𝑎
𝜎𝑃𝑆𝑁𝑃
(𝜆)

(4.18)

In theory the slopes (𝑆𝑉𝑉 () or 𝑆𝑉𝐻 ()) of the linear regression equation of ratiometric
𝑃𝑅𝑆2 (
𝑃𝑅𝑆2 (
BVPRS2 signal (𝑅𝑉𝑉
, 𝑊 ) or 𝑅𝑉𝐻
, 𝑊)) as a function of wavelength bandwidth (W)

should be strictly zero for non-fluorescent samples (Eq. 4.6). Conversely, the intercepts (𝑏𝑉𝑉 ()
or 𝑏𝑉𝐻 ()) of the linear equation modeling the ratiometric BVPRS2 signal as a function of
wavelength bandwidth should be zero for samples with no significant light scattering signal
(Eq.4.6). In practice however, because measurement errors there are finite nonzero slopes for
samples that are fluorescence inactive, and nonzero intercepts for samples that have no
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significant light scattering, it is therefore important to define the threshold 𝑆𝑡 (𝜆) and 𝑏𝑡 (𝜆)
values for determining the statistical significance of the slopes and intercepts obtained by the
linear curve-fitting. Eqs.4.19 and 4.20 are derived in analogy to the signal threshold for one to
determine the limit of detection (LOD) for an analytical method. ̅̅̅̅̅̅̅̅̅
𝑆𝐹𝐵 () and 𝐹𝐵 () are the
mean and standard derivation of the slopes (𝑆𝑉𝑉 ()) of the linear regression equation modeling
the experimental ratiometric BVPRS2 signal as a function of wavelength bandwidth for nonfluorescent controls. These controls can be viewed as the fluorescence-blank (FB). ̅̅̅̅̅̅̅̅̅
𝑏𝑆𝐵 () and
𝑆𝐵 () are the mean and standard derivation of the intercepts (𝑏𝑉𝑉 ()) of the linear regression
equation modeling ratiometric BVPRS2 signal as a function of wavelength bandwidth for
fluorophores that have negligible light scattering. Those samples serve as light scattering blanks
(SB). Only the experimental slopes and intercepts of the sample that are larger than the
corresponding threshold values will be used directly for the fluorescence and light scattering
depolarization calculations. Otherwise, these values will be set to zero, indicating the sample
fluorescence or light scattering intensity is below the LOD of this ratiometric BVPRS2 method.

4.4
4.4.1

𝑆𝑡 () = ̅̅̅̅̅̅̅̅̅
𝑆𝐹𝐵 () + 3𝐹𝐵 ()

(4.19)

𝑏𝑡 () = ̅̅̅̅̅̅̅̅̅
𝑏𝑆𝐵 () + 3𝑆𝐵 ()

(4.20)

Experimental section
BVPRS2 measurements
All chemicals were purchased from Sigma Aldrich and used as received. The fluorescent

CdTe-core quantum dots (QDs) with peak emission wavelength of 570 nm was denoted as
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QD570, PSNPs with a nominal diameter of 0.10 µm were obtained from Polysciences, Inc.
(Cat#16688). The molecular fluorophores used in this work are rhodamine-6G (R6G) and
Fluorescein 5(6)-isothiocyanate (FITC). The gold nanorods with a longitudinal peak at 550 nm
(AuNR550) were purchased from nanoComposix. All BVPRS2 spectra are conducted with a
nominal wavelength bandwidth systematically varying from 1 nm to 2 nm with a step value of
0.2 nm. The exact wavelength bandwidths W of nominal bandwidths of 1.1 nm, 1.3 nm, 1.6 nm.
1.8 nm and 2 nm , estimated on the basis of PSNP light scattering, are 0.98 nm, 1.1 nm, 1.2 nm,
1.4 nm, 1.5 nm, and 1.6 nm, respectively. (Figure 4.1) The excitation wavelengh and bandwidths
are kept identical to their respective detection counterparts in all spectral acquisitions. For
discussion simplicity, we refer to all used analytes as fluorophores (f).
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Figure 4.1

Determination of actual wavelength bandwidth (W). PSNP light scattering spectra
detected by setting excitation wavelength as well as the nominal excitation and
detection wavelength bandwidth constant, but the detection wavelength was
scanned from 10 nm below to 10 nm above the specified wavelengths of (A) 350
nm (B) 450 nm (C) 550 nm (D) 650 nm with a step value of 1 nm. The dots
represent the experimental signal and the solid lines are the Gaussian function
applied on the experimental spectra. The excitation wavelength (vertical dashed
line) and the nominal wavelength bandwidth were shown in the plots. The
experimental wavelength bandwidth is defined as the full width at half maximum
(FWHM) of the Gaussian peak. This is because the convolution of two Gaussian
functions leads to a new Gaussian function with a full width at half maximum
equal to the sum of the FWHM of the convoluted Gaussian functions. The
assumption of Gaussian distribution of the excitation and detection wavelength
band is justified by the fact the convoluted peak shown in (A-D) are all fitted well
with Gaussian function. (E) The correlation between the nominal wavelength
bandwidth and the experimentally evaluated bandwidth. The solid line is the linear
fitting of the experimental data. (F) The wavelength bandwidth as a function of its
nominal wavelength for a series of commonly used monochromator slit width.
This indicates the correlation between the nominal and actual wavelength
bandwidth is essentially independent of the resonance excitation and detection
wavelength.
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4.4.2

Linear regression
The linear curve-fitting is performed through a software package developed specifically

for this work. The input includes the calibrated wavelength bandwidth used in the BVPRS2
spectral acquisition, instrument G-factor spectrum, the fluorophore and PSNP BVPRS2 spectra
obtained with different wavelength bandwidths, and the threshold values for the intercept
(𝑏𝑡 () = 0.014) and slope (𝑆𝑡 () = 0.12) obtained with rhodamine 6G and silver nanoparticles
as the scattering blank and fluorescence blank, respectively. (data not showed)
4.5
4.5.1

Results and discussions
Quantification of light scattering and fluorescence cross-sections
The effectiveness of the ratiometric BVPRS2 quantification of the material light

scattering and fluorescence depolarizations and cross-sections were demonstrated with a series of
materials with increasing optical complexities. Figures 4.2 and 4.3 show the experimental data
acquired with silicone oil that is a pure light scatterer, nanoparticle AuNR550 that is
simultaneously a light absorber and scatterer, and diluted molecular fluorophore R6G (~5 µM)
that is simultaneously a light absorber and emitter. Figures 4.4 and 4.5 are the data acquired with
QD570/PSNP (a mixture of quantum dots QD570 and PSNP) that contains photon absorbers,
scatterers, and fluorescence emitters.
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Figure 4.2

Experimental data obtained with (1st row) pure silicone oil, (2nd row) gold nanorod
AuNR550 (3.4310-11M), and (3rd row) R6G (4.92 M). Plots (A), (E), and (I) in
the 1st colum are the sample BVPRS2 spectra obtained with excitation and
detection polarization combination of “VV”. Plots (B), (F), and (J) in the 2 nd
column are the sample BVPRS2 spectra obtained with excitation and detection
polarization combination of “VH” . Plots (C), (G), and (K) are the sample
ratiometric BVPRS2 spectra obtained with excitation and detection polarization
combination of “VV”. Plots (D), (H), and (L) are the sample ratiometric BVPRS2
spectra obtained with excitation and detection polarization combination of “VH”.
The insets in column 3 and 4 are the spectral intensity change as a function of the
wavelength bandwidth at an example wavelength marked with a dash line.

The data in Figure 4.2 provides conclusive evidence that one can readily differentiate the
material light scattering and fluorescence on the basis of its ratiometric BVPRS2 spectra. This is
consistent with the prediction in the theoretical consideration section. Evidently, ratiometric
BVPRS2 spectra of silicone oil and AuNR550 are totally independent of the wavelength
bandwidth crossing the entire spectral wavelength region. The slopes of their ratiometric
BVPRS2 spectra as a function of wavelength bandwidth is zero (below the LOQ) crossing the
entire spectrum. In contrast, the R6G ratiometric BVPRS2 signals increases linearly with the
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wavelength bandwidth in the wavelength region where R6G are fluorescence-active under the
resonance excitation and detection condition (Figure 4.2K-L).

Figure 4.3

(A) and (B) light scattering depolarization spectra for silicone oil and gold
nanorod, respectively, and (C) ORF depolarization spectrum of R6G. The solid
line in (C) is for guiding view. (D) and (E) light scattering cross-section spectra
for silicone oil and gold nanorod, respectively, and (F) ORF cross-section
spectrum of R6G.

The silicone oil and AuNPs light scattering and the R6G ORF depolarization spectra
(Figure 4.3A-C) were calculated using the Eqs. 4.13 and 4.14, respectively, while their light
scattering or ORF cross-section spectra (Figure 4.3D-F) were determined using Eq. 4.17 and
4.18, respectively. The intercepts and the slopes needed for the depolarization and cross-section
spectra were obtained by linearly curve fitting of the experimental ratiometric BVPRS2 spectra
as a function of the wavelength bandwidth (Figure 4.2, column 3 and column 4) according to
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Eqs. 4.11 and 4.12. The fluorescence depolarizations of AuNR550 and silicone oil are not
𝑃𝑅𝑆2
defined since it is not fluorescence active, i.e, the slope in the linear regression of 𝑅𝑉𝑉
(, 𝑊)

as the function of W is zero. Conversely, the light scattering cross-sections and depolarizations of
R6G are unquantifiable because of its negligibily low light scattering activities.

Figure 4.4

Experimental data obtained with (left) the QD570 (7.) and (right)
QD570/PSNP ([QD570]=7.  PSNP=3.15 pM). (A) and (B) are the sample
UV-vis extinction, (C) and (D) are the SSF spectra of the specified samples. (E)
and (F) are the ratiometric BVPRS2 VV spectra for the indicated samples. (G) and
(H) are the sample ratiometric BVPRS2 VH spectra. The insets in the plots shown
in 3rd and 4th row are ratiometric BVPRS2 spectral intensity as a function of the
wavelength bandwidth for the wavelength marked with dashed line.
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The difference between light scattering and fluorescence in their wavelength bandwidth
dependence in the BVPRS2 feature provides a convenient way for separating the material light
scattering and fluorescence present in the BVPRS2 spectra obtained with samples that are
simultaneous photon absorbers, scatters, and emitters. These samples can be relatively large
fluorescent nanoparticles, mixtures of fluorophores with light scattering particles, as well as
aggregated molecular fluorophores. Figure 4.4 and 4.5 show the experimental data acquired with
the QD570, and QD570/PSNP mixture prepared by spiking PSNP into QD570 solution. The
extinction and SSF spectra of QD570 are highly similar to their respective counterparts of
QD570/PSNP mixture (Figure 4.4A-B, and Figure 4.4C-D). This is expected because PSNP
concentration is very low and their UV-vis extinction is negligibly small in comparison to that of
QD570. In contrast, while the ratiometric BVPRS2 VH spectra of these two samples are highly
similar, their BVPRS2 VV spectra are remarkably different. The reason for such a drastic
difference is that PSNP has near zero light scattering depolarization. Therefore, PSNP light
scattering is observable only in the BVPRS2 VV, but not in the VH spectra of QD570/PSNP.
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Figure 4.5

(A) Extinction cross-section spectra of the QD570 and QD570/PSNP, (B) Light
scatttering depolarization, (C) Fluorescence depolarizations. The solid line is for
guiding view. (D) Light scattering cross-section, (E) fluorescence cross-sections.
(F) the absorption cross-section spectra of (black) QD570 and (red) QD570/PSNP

The light scattering and fluorescence cross-section and depolarization spectra of QD570
and QD570/PSNP are quantified on the basis of the slopes and intercepts obtained by linearly
fitting the sample ratiometric BVPRS2 intensity as a function of the wavelength bandwidth. As
expected from the experimental data shown in Figure 4.5, the UV-vis extinction and
fluorescence cross-sections, and fluorescence deploarization of QD570 are statistically the same
as their respective counterparts of QD570/PSNP mixture. The light scattering cross-section
spectrum of the PSNPs from the QD570/PSNP mixtures calculated on the basis of PSNP
concentration is the same as that calculated with the pure PSNPs. These results demonstrate the
effectiveness of this ratiometric BVPRS2 for quantitative separation of the material photon
scattering and fluorescence emission, and quantification of their depolarization and cross-section
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spectra for the most optically complicated samples that contain photon absorbers, scatterers, and
fluorescence emitters.
Comparing and constrasting the data obtained with ratiometric BVPRS2 spectra and
those with the direct PRS2 method is revealing. For light scattering, the depolarization and crosssections obtained with both methods are statistically identical as they are independent of
bandwidth, demonstrated by the data of non-emitter AuNR550 published in the previous work.19
For fluorescent materials, however, the ratiometric BVPRS2 can be much more reliable and
informative. First, the direct PRS2 can separate the material light scattering and fluorescence
only for samples with zero light scattering depolarizations, 9 while the ratiometric BVPRS2
technique quantiatively separates the light scattering and fluorescence signal regardless of the
light scattering depolarizations. Second, the direct PRS2 calculates the fluorophore
depolarizations and fluorescence cross-sections under the assumption that its fluorescence
depolarizations under resonance conditions are identical to those of the fluorophore SSF
depolarizations. In contrast, the ratiometric BVPRS2 is a self-contained method, capable of
directly quantifying the fluorophore fluorescence depolarization without SSF measurements.
This, on one hand, eliminates the necessity of SSF measurements in the PRS2 spectral data
analysis. On the other hand, it enables experimental comparison of the fluoropore fluorescence
depolarizations under Stokes-shifted and resonance excitation and detection conditions. Indeed,
the R6G and QD570 fluorescence depolarizations detected under resonance excitation and
detection conditions are the same as their respective counterparts determined with the SSF
measurements.
While 𝑓𝑂𝑅𝐹 () determined using this ratiometric BVPRS2 method is fluorophore
wavelength-specific fluorescence cross-section 𝑓𝑂𝑅𝐹 () that is independent of monochromator
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wavelength bandwidth, the one determined with the direct PRS2 technique9 should be viewed as
the bandwidth-dependent fluorescence cross-section 𝑓𝐹,𝑃𝑅𝑆2 (, 𝑊). It is simple to establish Eq.
4.21 that describs the relationship between the wavelength-specific fluorescence cross-section

𝑓𝑂𝑅𝐹 () and bandwith-dependent fluorescence cross-section 𝑓𝐹,𝑃𝑅𝑆2 (, 𝑊). Using this
relationship, one can readily convert the bandwidth-dependent fluorescence cross-sections
determined in the earlier work into their wavelength-specific fluoresence cross-sections.

𝑓𝑂𝑅𝐹 () = 𝑓𝐹,𝑃𝑅𝑆2 (, 𝑊)/𝑊

Figure 4.6

(4.21)

Experimental data obtained with (Top) the fresh FITC in water (4.8510-5M),
(bottom) FITC in ethanol (4.8510-5M). (A) and (E) in the 1st column are the FITC
UV-vis extinction spectru. (B) and (F) in the 2nd column are the FITC SSF spectra.
(C) and (G) in the 3rd column are the sample ratiometric BVPRS2 VV spectra. (D)
and (H) in the 4th column are the sample ratiometric BVPRS2 VH spectra. The
insets are ratiometric BVPRS2 spectral intensity as a function of the wavelength
bandwidth for the wavelength marked with dashed line.

With its ability to quantify the material light scattering and fluorescence cross-sections,
this ratiometric BVPRS2 method enables a series of spectroscopic studies that were impossible
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or difficult to perform before. One such example is the determination of the effect of fluorophore
aggregation on the interplay of its photon absorption, scattering, and emission (Figure 4.6 and
4.7). In this work, we used the ratiometric BVPRS2 to quantify the effect of FITC molecular
aggregation on its optical properties. Earlier work demonstrated that the FITC aggregates in
water even at concentration as low as 10 µM.14 However, quantification of the effect of
fluorophore aggregation on its light scattering and fluroescence depolarizations and crosssections has not been possible.
Apparently the PRS2 method is most sensitive to detection of the fluorophore
aggregation. This is evident from the fact that UV-vis and SSF spectra of FITC in water are
much more similar to their respective counterparts for FITC in ethanol (Figure 4.6A and E, and
Figure 4.6B and F), while their ratiometric BVPRS2 spectra are drastically different (Figure 4.6C
and G, and Figure 4.6D and H). FITC is simultaneously a light absorber, scatter, and
fluorescence emitter in water, but predominantly a photon absorber and emitter in ethanol. The
FITC photon absorption and fluorescence emission is deduced from its SSF activity (Figures
4.6B and F), while the light scattering activity of FITC in water is obtained from the its
ratiometric BVPRS2 VV spectra (Figure 4.6C). The fact that the ratiometric BVPRS2 intensity
FITC in water remains as a nonzero constant as a function of wavelength bandwidth indicates
that its BVPRS2 signal is dominated by light scattering with no significant fluorescence crossing
the entire wavelength region. In contrast, the ratiometric BVPRS2 of FITC in ethanol is
dominated by the FITC fluorescence with no detectable light scattering. This is because the
intercepts derived from Eqs.4.19 and 4.20 are all negligibly small (Figure 4.6H).
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Figure 4.7

(A) Extinction cross-section spectra of the FITC in water and ethanol. (B) Light
scatttering depolarization of FITC in water. (C) Fluorescence depolarization
spectrum in ethanol. The solid line is for guiding view. (D) Light scattering crosssection and the scattering to extinction ratio spectra for FITC in water, (E)
fluorescence cross-section of FITC in ethanol. (F) FITC absorption cross-section
spectra of the FITC in water and ethanol.

On the basis of the slopes and the intercepts obtained by linearly fitting the ratiometric
BVPRS2 intensities (Figure 4.6), one can readily calculate the light scattering cross-section and
depolarization spectra for FITC in water, and the fluorescence cross-section (Figure 4.7E) and
depolarization spectra (Figure 4.7C) for FITC in ethanol in the wavelength region that FITC both
absorbs and emits. The light scattering cross-section spectrum (Figure 4.7D) of FITC in water is
to our knowledge the first experimental quantification of the light scattering activity of
fluorophore aggregates. The wavelength dependence of light scattering cross-section of
aggregated FITC in water differs tremendously from that of small solvent light scattering
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molecules and nanoparticles such as PSNPs. The light scattering cross-sections of those solvent
molecules all empirically follow the Rayleigh scattering model, i.e, the light scattering crosssection is linearly proportional to the reciprocal of the fourth power of the wavelength (𝜆−4 ).
However, the maximum light scattering cross-section is from ~450 nm to 520 nm in the probed
wavelength region (Figure 4.7D). More importantly, the light scattering to extinction (SER)
ratio, the measure of light scattering contribution to the total photon extinction observed in the
UV-vis spectrum increases monotonically (within the measurement errors) from less than 1% at
400 nm to more than 80% at 520 nm (Figure 4.7D). Since the FITC UV-vis extinction crosssection spectra (Figure 4.7A) are known from the conventional UV-vis measurements, one can
deduce the FITC absorption spectra (Figure 4.7F) by subtracting the FITC light scattering crosssection spectrum from its extinction cross-section spectrum.
Although light scattering cross-section spectra of FITC in water provides conclusive
evidence that the light scattering by aggregated fluorophores can deviate drastically from
Rayleigh scattering, detailed understanding the wavelength dependence of the FITC light
scattering proves to be difficult. Presumably, its light scattering activity depends critically on the
size and shape of FITC aggregates in water. Unfortuantely, however, attempt to experimentally
evaluate the size and shape distribution has not been successful. Nonetheless, the ability for us to
experimentally quantify photon absorption, scattering, and fluorescence activity of the
aggregated fluorophores represents a critical step forward to developing a mechanistic
understanding of the effect of fluorophore aggregation on its optical properties.
4.6

Conclusions
Using the ratiometric BVPRS2 spectroscopic method developed in this work, we

demonstrated that fluorophore light scattering, off-fluorescence emission, and ORF emission can
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all contribute to the fluorophore resonance light scattering spectra. By using BVPRS2 spectra of
PSNP as the external reference, one can conveniently differentiate and separate fluorophore light
scattering and fluorescence signals in the measured ratiometric BVPRS2 spectra based on their
difference on the wavelength bandwidth dependence. This enables the calculation of the
fluorophore light scattering and fluorescence depolarization as well as their cross-section spectra.
The ratiometric BVPRS2 study performed with FITC in water demonstrated that aggregation can
drastically change the interplay of fluorophore photon absorption, scattering, and fluorescence
under the resonance excitation and detection conditions. The ratiometric BVPRS2 method is a
self-contained technique universally applicable to materials that are as complicated as
simultaneous photon absorbers, scatterers, and emitters.
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CHAPTER V
ANTI-STOKES-SHIFTED, ON-RESONANCE, AND STOKES-SHIFTED FLUORESCENCE
SPECTROSCOPY: A DIVIDE-AND-CONQUER STRATEGY FOR QUANTIFICATION OF
OPTICAL PROPERTIES OF FLUORESCENT NANOMATERIALS
This work has been published previously: Xu, J. X.; Yuan, Y.; Zou, S.; Chen, O.; Zhang,
D., A Divide-and-Conquer Strategy for Quantification of Light Absorption, Scattering, and
Emission Properties of Fluorescent Nanomaterials in Solutions. Analytical Chemistry 2019, 91,
8540
5.1

Abstract
Optical properties of fluorescent materials including their UV-vis absorption, scattering,

and on-resonance fluorescence activities are strongly wavelength-dependent. Reported herein is
a divide-and-conquer strategy for experimental quantification of fundamental optical constants of
fluorescent nanomaterials including their UV-vis absorption, scattering, and on-resonancefluorescence (ORF) cross-section spectra, and ORF fluorescence and light scattering
depolarization spectra. The fluorophore UV-vis extinction spectrum is first divided into a blue
and a red wavelength region. The UV-vis extinction cross-section spectrum in the blue
wavelength region is decomposed into its absorption and scattering extinction spectra
straightforwardly using the established direct PRS2 method. In its red wavelength region,
however, the fluorophores can be simultaneous photon absorbers, scatterers, and anti-Stokesshifted, on-resonance, and Stokes-shifted fluorescence emitters under the resonance excitation
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and detection conditions. A polarized anti-Stokes’-shifted, on-resonance, and Stokes’-shifted
spectroscopic (PAOS) method is developed for quantifying fluorophore absorption, scattering,
one-resonance fluorescence (ORF) cross-section spectra, and scattering and ORF fluorescence
depolarization spectra in this wavelength region. Example applications of the presented
techniques were demonstrated with fluorescent polystyrene nanoparticles (fPSNP), fluorescent
quantum dots (QD), and molecular fluorophores Rhodamine 6G (R6G) and Eosin Y (EY).
5.2

Introduction
Understanding the origin of the light scattering signal in PRS2 spectra is straightforward.

However, identifying the sources of the fluorescence signal in the sample PRS2 spectrum has
proven challenging. Beguiled by the fact the PRS2 are acquired under the resonance excitation
and detection conditions, we attributed the fluorescence signal in the PRS2 spectrum all to the
fluorophore ORF in the direct PRS2 work.9 Later on, we discovered that fluorescence signal in
the PRS2 spectrum is proportional to the square of the excitation and detection monochromator
bandwidth while the light scattering in PRS2 spectrum is linear proportional to the
monochromator bandwidth.21 This observation leads the realization that off-resonance
fluorescence must also contribute to the fluorescence signal detected on the resonance excitation
and detection condition.21 A derivative method BVPRS2 was developed to extract the
bandwidth-independent and wavelength-specific ORF.
Besides, the development of BVPRS2 is particularly important in the sense that it is a
self-contained method that can separate the scattering and ORF components using mathematical
linear extrapolation approach.21 In contrast, the direct PRS2 method is only applicable to samples
that fulfill the assumptions of zero scattering depolarization and wavelength-independent
fluorescence depolarization, as mentioned in the previous work.9 However, although these
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assumptions hold true for many optically complicated materials that we have examined, one or
more exceptions are found along with its applications on various types of emitters. One of them
is the rod like fluorescent quantum dots (RQDs). As showed later in this Chapter, RQDs have
non-zero scattering depolarizations under the ORF active wavelengths, as well as strongly
wavelength dependent fluorescence depolarizations. Therefore, a self-contained spectroscopic
method as BVPRS2 with universal applicability without any pre-assumptions is critical to the
broad application of the PRS2 methodology. However, while it is intuitive to imagine that the
anti-Stokes’- shifted fluorescence (ASSF) and Stokes’- shifted fluorescence (SSF) must
contribute to the PRS2 spectrum besides ORF signal, direct evidence is lacking to support such
assumption.
Using a new polarized anti-Stokes-shifted, on-resonance, and Stokes-shifted (PAOS)
spectroscopic method developed in this work we provide direct visual evidence that, besides
ORF, SSF and ASSF also contribute to its PRS2 fluorescence signal. Individual PAOS spectrum
is acquired by keeping the excitation wavelength fixed, but varying the detection wavelengths
from the anti-Stokes’ side to the Stokes side of the excitation wavelength. As it will be shown
later in this work, by acquiring a set of PAOS spectra as a function of excitation wavelength, one
can reconstruct the fluorophore PRS2 spectrum, and the fluorophore PRS2 light scattering and
PRS2 fluorescence component spectra.
While the PAOS spectral acquisition enables visual examination and facile separation of
the fluorophore fluorescence and light scattering signal detected under the resonance excitation
and detection conditions, it can be time-consuming if the PAOS spectral acquisition is
implemented crossing the entire UV-vis spectral region. To resolve this issue, we devised a
divide-and-conquer approach so that the relatively tedious PAOS spectral acquisition is limited
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to the fluorophore emission wavelength region (red region). This divide-and-conquer strategy
divides fluorophore UV-vis spectrum into a blue and a red wavelength region. The blue
wavelength region spans from 300 nm to the blue-edge of the fluorophore SSF peak. The
fluorophore in this wavelength region only absorbs and/or scatters light, but does not emit under
the resonance excitation and detection conditions. The fluorophore red-wavelength region spans
from the blue-edge of the fluorophore SSF peak to the red-edge of its SSF peak. In this region,
the IFE-corrected PRS2 spectrum can contain fluorophore ASSF, ORF, and SSF emission and
light scattering features as it will be demonstrated later.
The five model fluorophores used in this work comprise three NP fluorophores:
fluorescence polystyrene NPs (fPSNP), rod-shaped fluorescent quantum dots (RQD), and
spherical fluorescence quantum dots (SQD), and two molecular fluorophores: Rhodamine 6G
(R6G) and Eosin Y (EY). These fluorophores differ significantly in their light scattering,
absorption, and ORF activities. Therefore, they serve a representative set of model analytes for
testing the utility of the designed methods. For discussion simplicity, all PRS2 and PAOS spectra
will be represented as PRS2 XD and PAOS XD, respectively. The first letter X indicates the
polarization direction of the excitation linear polarizer, while the second letter D for the detection
polarizer. Both X and D can take value “N”, “V”, and “H”, where “N” indicates no linear
polarizer is used. “V” represents that the light is vertically polarized, i.e, the electrical field of
the electromagnetic wave is perpendicular to the spectrofluorometer plane defined by the
excitation lamp, sample chamber, and detector, and “H” indicates the linear polarizer is in
parallel to the instrument plane.
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5.3
5.3.1

Experimental section
Chemicals and equipments
R6G and EY were obtained from Sigma-Aldrich, and used as received. The polystyrene

NPs (PSNPs, Cat#16688) and fPSNPs (Cat# 18719), both with a particle diameter of 0.1 μm,
were purchased from Polysciences, Inc. The ligand-stabilized CdSe/CdS core-shell SQDs and
RQDs were synthesized in house and provided by Prof. Ou Chen’s group at Brown University
according to published procedure, 108, 109 and the stock molarities of the QDs are 2.37 mM for
SQDs and 1.45 mM for RQDs.
5.3.2

UV-vis, fluorescence, PRS2, and PAOS spectral acquisitions
The UV-vis extinction spectra were obtained with a Thermo Scientific Evoltion 300 UV-

vis spectrometer, while the fluorophore fluorescence, PRS2, and PAOS spectra were acquired
with a Horiba FluoroMax-4 spectrofluorometer equipped with an excitation and detection linear
polarizer. Unless specified otherwise, all the spectrofluorometer-based spectral acquisitions were
performed with an intergration time 0.3 s, and a slit width 2 nm for both the excitation and
detection monochromators. The spectral intensity was the ratio of the ratio between the signal
from the sample detector and reference detector (S1/R1) .
The PRS2 spectra are acquired with the method described before.9 Unless specified
otherwise, all PAOS and PRS2 spectra data shown in this work are IFE-corrected, and solventand cuvette-background subtracted using an established method.9 The effective excitation and
detection pathlengths used for the IFE-correction were 0.46 cm and 0.55 cm, respectively,13 which
were quantified using a water Raman spectroscopic method. 13 The G-factor spectrum needed to
correct the detector polarization bias in the PAOS and PRS2 data analysis was quantified in our
previous work.9
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5.4
5.4.1

Results and discussions
Fluorophore optical properties in fluorophore blue wavelength region

Figure 5.1

Structures, UV-vis, fluorescence, and PAOS spectra obtained with (1st column)
fPSNP, (2nd column) RQD, (3rd column) SQD, (4th column) R6G, and (5th column)
EY. (1st row) (A), (B) and (C) are TEM images of fPSNP, RQD, and SQD,
respectively. (D) and (E) are molecular structure of R6G and EY. (2nd row)
(black) UV-vis extinction and (red) SSF spectrum. The dash lines divide the blue
and red wavelength region shadowed with blue and red, respectively. (3rd row and
4th row) Example PAOS spectra obtained with an excitation wavelength in the (3rd
row) blue- and (4th row) red-wavelength region, respectively. The spectra in red
and black are the as-acquired sample and solvent PAOS spectra, respectively. The
solvent PAOS spectra in (P-T) are scaled by a factor of 10. The inset in (P) is the
zoom-in data showing the fPSNP fluorescence signal.

Division of the fluorophore UV-vis extinction spectra into their blue and red wavelength
regions is straightforward with the fluorophore experimental UV-vis extinction and SSF spectra
(Figure 5.1F-J). The wavelength region below the blue-edge of the SSF peak is the blue89

wavelength region (highlighted blue in Figure 5.1F-J). The spectral region covering SSF
emission wavelengths is referred to as red-wavelength region (highlighted red in Figure 5.1F-J).
In their blue wavelength regions, the NP fluorophores fPSNP, RQD, and SQD are
simultanously photon absorbers, scatterers, but not emitters, while the two molecular
fluorophores R6G and EY are predominantly light absorbers with no signficant photon scattering
or emissions under the resonance excitation and detection conditions. The light scattering of the
NP fluorophores is evident from the intense sharp peak centered at detection wavelength with
zero Stokes-shift from excitation wavelength (the blue curve in Figure 5.1K-M). This peak
shares the same shape with the solvent light scattering peak but with drastically higher intensity.
In contrast, there is no detectable fluorophore light scattering in the PAOS spectra obtained with
R6G and EY in their respective blue wavelength regions (Figure 5.1N-O). The light scatteing
peak in these two sample solutions are due almost entirely to light scattering from the solvent
and sample-holder background.
In their red wavelength regions, NP fluorophores are all simultaneous photon absorbers,
scatterers, and fluorescence emitters (Figure 5.1P-R), while the R6G and EY are simutaneous
photon absorbers and emitters with, again, no signficant photon scattering (Figure 5.1S-T). The
absence of detectable photon scattering by R6G and EY is not surprising because of their small
sizes. For these two molecular fluorophores, their UV-vis extinction cross-section spectra were
directly taken as their respective absorption cross-section spectrum.
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Figure 5.2

Decomposition of NP fluorophore UV-vis extinction cross-section spectra into its
absorption and scattering component spectra for (1st column) fPSNP, (2nd column)
RQD, (3rd column) SQD in their blue wavelength region. (1st row) As-acquired
PRS2 (black) VV and (red) VH spectra of the sample solutions. (2nd row) the
fluorophore specific PRS2 (black) VV and (red) VH spectra. (3rd row) UV-vis
(green) extinction, (red) absorption, and (black) scattering cross-section spectra.
(4th row) (red) the fluorophore scattering-to-extinction ratio (SER) and (black)
scattering depolarization spectrum.

For the NP fluorophores, however, their photon scattering contribution to their UV-vis
extinction spectra should be considered in quantification of their photon absorption activities. In
other words, one needs to decompose the NP UV-vis extinction spectra into its absorption and
scattering component spectra. The fluorophore PRS2 spectra obtained in their blue wavelength
region are due exclusively to the fluorophore light scattering with no fluorescence contribution
(Figure 5.1K-O). As such, one calculates the fluorophore light depolarization spectrum and
subsequently, its scattering cross-section spectra using the experimental PRS2 VV and VH spectra
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(Figure 5.2). The procedures for converting the as-acquired solution PRS2 VV and VH spectra
(Figure 5.2A-C) to their respective fluorophore-specific PRS2 spectra (Figure 5.2D-F), the
calculations of the fluorophore light scattering depolarization spectra (Figure 5.2J-L) and crosssection spectra (Figure 5.2G-I) are shown in earlier works.8,

9, 19

After quantification of the

fluorophore extinction cross-section spectra (Figure 5.2G-I) on the basis of the fluorophore UVvis extinction spectra (Figure 5.1F-H), the fluorophore UV-vis absorption cross-section spectra
(Figure 5.2G-I) was obtained by subtracting its scattering cross-section spectrum from the
fluorophore UV-vis extinction cross-section spectrum.
Several obervations worth noting: First, with the only exception of the fPSNP that is
predominant photon scatterer in its blue wavelength region, the QD and molecular fluorophores
are all strong photon absorbers in their respective blue wavelength region. The highest scatteringto-extion ratio (SER) is more than 80% for fPSNP (Figure 5.2G), but 8% (Figure 5.2H) and 2%
(Figure 5.2I) for RQD and SQD, respectively. These indicates the examined QDs are predominant
photon absorbers. Second, the light scattering depolarization of the RQD is signficantly higher
than both SQDs and fPSNPs. This phenomenon is consistent with the observations that the rodshaped solvent molecules and gold nanorods (AuNR) invariably have higher light scattering
depolarization than their respective spherical counterparts.8, 19
Comparing and contrasting the RQD depolaroziation spectrum with that for rod-shaped
molecule CS2 and AuNPs is instructive. The scattering depolarization of CS2 is totally wavelengthindependent and it is 0.5 crossing the entire UV-vis region,8 while the scattering depolarization of
gold nanorod is strongly wavelength-dependent,19 so is that of RQD (Figure 5.2K). However, the
peak scattering depolarization of the rod-shaped AuNPs and QDs are vastly different. The peak
scattering depolarization of 0.4 in a gold nanorod with an aspect ratio as small as 3.19 In contrast,
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the peak scattering depolarization of the RQD is only 0.05 even when its aspect ratio is as large as
16.8 (Figure 5.1A). The fundamental mechanism governing the QD light scattering depolarization
features is currently unclear. Nonetheless, the data obtained with the RQDs and SQDs provide
further evidence that light scattering depolarization is sensitive to the scatterers’ geometries.
5.4.2

Fluorophore optical properties in its red wavelength region

Figure 5.3

Comparison of (1st row ) as-acquired PAOS NN and PRS2 NN spectra, (2nd row)
PAOS VV and PRS2 VV spectra, (3rd row) PAOS VH and PRS2 VH spectra for
(1st column) RQD, (2nd column) SQD, (3rd column) R6G, and (4th column) EY in
their red wavelength region. The solid blue line is the experimental PRS2 spectra,
and the blue dots are the PRS2 spectra reconstructed by taking the PAOS intensity
at each excitation wavelength as the intensity of the reconstructed PRS2 spectrum
at the resonance excitation and detection wavelengths.

Consistent with what have been observed in their blue wavelength regions, the UV-vis
extinction spectra of moecular fluorohores R6G and EY in their red wavelength region can also
been directly taken as their respective absorbance spectrum, since no detectable scattering
features in the R6G and EY PAOS spectra are obtained in their red-wavelength regions (Figure
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5.1S-T). In contrast, PAOS spectra (Figure 5.1P-R) obtained with the NP fluorophores contain
both fluorophore light scattering and fluorescence signals. This conclusion is further supported
by the PAOS spectra obtained for all the model fluorophores in their red wavelength regions
(Figure 5.3).
Comparing and contrasting the fluorophore PRS2 and PAOS spectra (Figure 5.3) is
instructive. The experimental PRS2 spectra overlap near perfectly with that reconstructed PRS2
(Figure 5.3). The reconstructed PRS2 spectra were obtained by taking the PAOS spectral
intensities at each excitation wavelengths(blue dots in the plots in Figure 5.3). The excellent
agreement between the experimental and reconstructed PRS2 spectra highlights the
reproducbility of the PRS2 and PAOS measurements.
The PAOS-based PRS2 reconstruction method holds two key advantages over the direct
experimental PRS2 acquisitions. First, the PAOS spectra used for the PRS2 reconstruction
provide direct visual evidences that both light scattering and fluorescence can contribute to the
fluorophore PRS2 spectra. In contrast, one can deduce the fluorescence and light scattering
contribution to PRS2 signal through only indirect evidences either by the difference in the
depolarization between fluorescence and light scattering,8 or by the difference in intensity
dependence on the monochromator bandwidth between the fluorescence and light scattering
signal.21 Second, the PAOS spectra enable one to directly separate the light scattering and
fluorescence contribution to the experimental PRS2 spectrum and subsequently recontruct the
fluorohore PRS2 light scattering and fluorescence component spectra (Figure 5.4). This light
scattering peak is invariably centered at excitation wavelength and with peak shape identical to
the scattering peak observed in the PAOS spectra obtained with a pure scatterer such as the
solvents or pure scatterer PSNP (Figure 5.1K-O). The decomposition of the fluorophore PAOS
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spectrum into its polarized fluorescence and light scattering component spectra (Figure 5.4) was
performed by subtracting the scaled PSNP PAOS spectra from fluorophore PAOS spectrum.
The criterion for determining the scaling factor is that the resulting difference spectrum should
contain no residual sharp peak on top of a broad fluorescence peak. Since there is no detectable
light scattering features in the PAOS spectra obtained with R6G and EY (Figure 5.3), their
experimental or reconstructed PRS2 spectra are their PRS2 fluorescence spectra. Third, the
PAOS spectra offer direct evidence that when excited in the wavelength region the fluorophore
both absorbs and emits, light scattering, ASSF, ORF, and SSF can all concurrently occur (Figure
5.1P-T, and Figure 5.3).

Figure 5.4

(Black) PRS2 Fluorescence and (red) scattering component spectra derived from
the experimental (Blue) PAOS spectra for (1st column) fPSNP, (2nd column) RQD,
(3rd column) SQD, (4th column) R6G, and (5th column) Eosin Y. The data in first,
second, and third row are derived from the PAOS spectra acquired with excitation
and detection polarization of NN, VV, and VH, respectively.

The relative fluorescence and scattering contribution to the PRS2 spectra of the NP
fluorophores depends strongly on the excitation and detection polarization (Figure 5.4). The
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scattering/fluorescence intensity ratio decreases from PRS2 VV, PRS2 NN, and then to PRS2
VH (Figure 5.4). This observation is consistent with the fact that fluorescence depolarization for
fluorophores in solution is usally very high, close to unity for most small molecular
fluorophores,9 but the light scattering depolarization is commonly very small as shown in Figure
5.2. The absence of detectable scattering feature in the SQD PAOS VH is also consistent with
that spherical scatterers usually have negligible light scattering depolarizations.8, 19
Quantification of the light scattering cross-section using the fluorophore PRS2 light
scattering spectra (red dots in Figure 5.4) is straightforward using the direct PRS2 method,9 the
reasons for which will be further illustrated later in this work. However, determination of the
ORF cross-section on the basis of the fluorophore PRS2 fluorescence spectra requires
modification of equations developed by assuming that the fluorescence signal in the PRS2
spectra is contributed by the fluorophore ORF alone.9 Mathematically, the fluorophore
fluorescence (Eqs. 5.1 – 5.2) and scattering (Eqs. 5.3 – 5.4) components in the PRS2 spectra are
already derived in the same way as showed in the BVPRS2 method from last Chapter. 21 (Eqs.4.3
– 4.4) The fluorophore fluorescence PRS2 VV and VH spectra are described by Eq. 5.1 and Eq.
5.2, which are the first term in Eqs. 4.3 and 4.4 in Chapter IV, respectively. The fluorophore light
scattering PRS2 VV, VH intensities are modelled with Eq. 5.3 and 5.4, which are the second
term in Eqs. 4,3 and 4.4 in Chapter IV, respectively.

𝑃𝑅𝑆2,𝐹
𝑂𝑅𝐹 ( ) 2
(𝜆, 𝑊) = 𝐼𝑜 (𝜆, 𝑊 )𝐾 (𝜆, 𝑊 )𝐵𝑉 (𝜆, 𝑊 )𝐶𝑓 𝜎𝑓,𝑉𝑉
𝐼𝑓,𝑉𝑉
𝜆 𝑊
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(5.1)

𝑃𝑅𝑆2,𝐹
𝑂𝑅𝐹
(𝜆, 𝑊) = 𝐼𝑜 (𝜆, 𝑊 )𝐾(𝜆, 𝑊 )𝐵𝐻 (𝜆, 𝑊 )𝐶𝑓 𝜎𝑓,𝑉𝐻
𝐼𝑓,𝑉𝐻
(𝜆)𝑊 2

(5.2)

𝑃𝑅𝑆2,𝑠𝑐𝑎
𝑆𝑐𝑎
(𝜆, 𝑊 ) = 𝐼𝑜 (𝜆, 𝑊 )𝐾(𝜆, 𝑊 )𝐵𝑉 (𝜆, 𝑊 )𝐶𝑓 𝜎𝑓,𝑉𝑉
𝐼𝑓,𝑉𝑉
(𝜆)𝑊

(5.3)

𝑃𝑅𝑆2,𝑠𝑐𝑎
𝑆𝑐𝑎
(𝜆, 𝑊 ) = 𝐼𝑜 (𝜆, 𝑊 )𝐾 (𝜆, 𝑊)𝐵𝐻 (𝜆, 𝑊 )𝐶𝑓 𝜎𝑓,𝑉𝐻
𝐼𝑓,𝑉𝐻
(𝜆)𝑊

(5.4)

Dividing Eq. 5.1 by Eq. 5.2, and Eq. 5.3 by Eq. 5.4 with a rearrangment leads to Eq. 5.5
and Eq. 5.6 for quantification of the fluorophore ORF and light scattering depolarization
spectra,9 respectively.

𝑃𝑓𝑂𝑅𝐹 (𝜆)

𝑃𝑓𝑠𝑐𝑎 (𝜆)

=

𝑂𝑅𝐹
𝜎𝑓,𝑉𝐻
(𝜆)
𝑂𝑅𝐹
𝜎𝑓,𝑉𝑉
(𝜆)

= 𝐺(𝜆, 𝑊)

𝑃𝑅𝑆2,𝐹
𝐼𝑓,𝑉𝐻
(𝜆, 𝑊)
𝑃𝑅𝑆2,𝐹
𝐼𝑓,𝑉𝑉
(𝜆, 𝑊)

𝑃𝑅𝑆2,𝑠𝑐𝑎
𝑠𝑐𝑎
𝐼𝑓,𝑉𝐻
(𝜆, 𝑊)
𝜎𝑓,𝑉𝐻
(𝜆)
= 𝑠𝑐𝑎
= 𝐺(𝜆, 𝑊) 𝑃𝑅𝑆2,𝑠𝑐𝑎
𝜎𝑓,𝑉𝑉 (𝜆)
𝐼𝑓,𝑉𝑉
(𝜆, 𝑊)

(5.5)

(5.6)

Where 𝐺 (𝜆, 𝑊) = 𝐵𝑉 (𝜆, 𝑊)/𝐵𝐻 (𝜆, 𝑊) is the G-factor spectrum characterized the
instrument polarization bias, and it can be readily quantified using a set of fluorescence samples
that emit in different regions.9 By using PSNP as the external reference, one can readily quantify
the fluorophore light scattering and ORF cross-section spectra using Eq. 5.7 and 5.8,
respectively.

𝜎𝑓𝑠𝑐𝑎 (𝜆)

𝑃𝑅𝑆2,𝑠𝑐𝑎
(𝜆, 𝑊) 𝑠𝑐𝑎
(1 + 2𝑃𝑓𝑠𝑐𝑎 (𝜆)) 𝐶𝑃𝑆𝑁𝑃 𝐼𝑓,𝑉𝑉
=
𝜎𝑃𝑆𝑁𝑃 (𝜆)
𝑠𝑐𝑎
𝑃𝑅𝑆2,𝑠𝑐𝑎
(1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆)) 𝐶𝑓 𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆, 𝑊)
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(5.7)

𝜎𝑓𝑂𝑅𝐹 (𝜆)

𝑃𝑅𝑆2,𝐹
(1 + 2𝑃𝑓𝑂𝑅𝐹 (𝜆)) 𝐶𝑃𝑆𝑁𝑃 𝐼𝑓,𝑉𝑉 (𝜆, 𝑊) 𝑠𝑐𝑎
=
𝜎𝑃𝑆𝑁𝑃 (𝜆)/𝑊
𝑠𝑐𝑎
𝑃𝑅𝑆2,𝐹
(1 + 2𝑃𝑃𝑆𝑁𝑃
(𝜆)) 𝐶𝑓 𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆, 𝑊)

(5.8)

All the parameters in the right-hand side of Eq. 5.7 and Eq. 5.8 are measurable.
𝑠𝑐𝑎 ( )
𝜎𝑃𝑆𝑁𝑃
𝜆 is the PSNP scattering cross-section spectrum. Since PSNPs are pure light scatterers in
𝑠𝑐𝑎 ( )
the UV-vis region, 𝜎𝑃𝑆𝑁𝑃
𝜆 can be directly quantified using PSNP UV-vis scattering extinction

cross-section spectra measured with UV-vis spectrophotometer.9 The 𝑃𝑓𝑂𝑅𝐹 (𝜆) and 𝑃𝑓𝑠𝑐𝑎 (𝜆) are
𝑃𝑅𝑆2,𝐹
𝑃𝑅𝑆2,𝑠𝑐𝑎
quantified using Eq. 5.5 and Eq. 5.6, respectively. 𝐼𝑓,𝑉𝑉
(𝜆, 𝑊) and 𝐼𝑓,𝑉𝑉
(𝜆, 𝑊) are the

recontructed fluorophore PRS2 fluorescence and light scattering VV spectra, respectively.
𝑃𝑅𝑆2,𝑠𝑐𝑎
𝐼𝑃𝑆𝑁𝑃,𝑉𝑉
(𝜆, 𝑊) is the experimental PRS2 VV spectra obtained with PSNP.

The equation for computing the light scattering cross-section derived here (Eq. 5.7) is
identical to that (Eq. 39) in the direct PRS2 publication.9 However, there is a small, but critical
difference in the equations for computing the fluorophore ORF cross-section. The
monochromator bandwidth term W shown in the denominator of Eq. 5.8 in this work is missing
in Eq. 40 in the direct PRS2 work where neither SSF nor ASSF contribution to the fluorophore
PRS2 fluorescence signal was considered.9
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Figure 5.5

Optical constants of (1st column) fPSNP (2nd column) RQD, (3rd column) SQD, (4th
column) R6G, and (5th column) Eosin Y in their respective red wavelength regions.
(1st row) UV-vis (green) extinction, (red) absorption, and (black) scattering crosssection spectra, (2nd row) ORF emission (blue) cross-section spectra and (black)
ORF quantum yield (QY) spectra, and (3rd row) (red) scattering and (black) ORF
depolarization spectra. The spectra, axis, and name for each optical parameter are
encoded with the same color.

𝑃𝑅𝑆2,𝐹
Using the Eq. 5.7 and 5.8, and the fluorophore PRS2 fluorescence spectra 𝐼𝑓,𝑉𝑉
(𝜆, 𝑊)
𝑃𝑅𝑆2,𝑠𝑐𝑎
and fluorophore PRS2 scattering spectra 𝐼𝑓,𝑉𝑉
(𝜆, 𝑊) shown in Figure 5.5, the light scattering

and ORF cross-section spectra were quantified for the three NP fluorophores and two molecular
fluorophores in their red-wavelength regions. The fluorophore absorption cross-section spectrum
is quantified by subtracting fluorophore light scattering cross-section spectrum from its
extinction cross-section spectrum (Figure 5.5A-E). The fluorophore ORF quantum yield (QY)
spectrum is determined using the equation 𝑂𝑅𝐹 𝑄𝑌(𝜆) = 𝜎 𝑂𝑅𝐹 (𝜆)/𝜎 𝑎𝑏𝑠 (𝜆), the ratio between
the fluorophore ORF fluorescence cross-section spectrum versus absorption cross-section
spectrum in the wavelength region that the fluorophore both absorbs and emits. Since the signals
in R6G and EY PRS2 spectra are completely dominated by its fluroescence feature, their IFE99

and solvent-background-corrected PRS2 spectra were used directly for calculating the
fluorophore ORF depolarization and cross-section, and QY. The fluorophore ORF and light
scattering depolarization spectra (Figure 5.5K-O) are computed using Eq. 5.5 and Eq. 5.6,
respectively.
Several observations from Figure 5.5 are worth noting. First, fPSNP has drastically
higher extinction, scattering, and absorption, and ORF emission cross-sections than their
respective counterparts of both the QDs and molecular fluorophores (Figure 5.5). The scattering
cross-section of fPSNP at 500 nm excitation wavelength is more than four orders of magnitude
higher than that for the RQD and SQD (Figure 5.5A-C), which is due most likely to the fact that
fPSNP is much larger in particle size than both RQDs and SQDs. The large fPSNP extinction,
absorption, and ORF emission cross-sections (Figure 5A and F) is due to the fact that each
fPSNP particle contains multiple molecular fluorophores. According to the vendor, the fPSNP
contains a mixture fluorophores of a rhodamine and Alexa 532. The fact that fPSNP has a peak
ORF cross-section (Figure 5.5F) of ~3000 times higher than that of both R6G and EY (Figure
5.5I and J) indicates the brightness of one fPSNP is comparable to ~3000 molecular fluorophore
molecules under the on-resonance excitation and detection conditions at their respective peak
ORF wavelengths.
The average ORF depolarization of the RQDs in its ORF active region is 0.6±0.06
(Figure 5.5L), which is signficantly smaller than that of other model model fluoropores including
the SQDs (~1, Figure 5.5M). The ORF depolarizations for the other fluorophores are all close to
unity crossing their entire ORF-active region. Fluorescence depolarization is related to the
fluorophore mobility and fluorescence lifetime.20, 110-113 Detailed reason why RQDs have such a
small ORF depolarization is currently unclear. However, this result strongly suggest that the
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fluorescence depolarization can be an effective spectral marker for differentiating RQDs and
SQDs. The fact that the RQDs have higher light scattering depolarization than both SQDs and
fPSNPs (Figure 5.5K-M) in their red wavelength region is consistent again with the fact that rodshape scatterers have higher scattering depolariation than the spherical ones.
Up to date, we have presented three methods for differentiating and separating light
scattering and fluorescence contribution to the sample PRS2 spectra. The first is the spectral
subtraction method that works only under assumption that the fluorophore PRS2 VH features are
due entirely to its fluorescence.9 This assumption is valid only for well-dispersed molecular
fluorophores that have no detectable light scattering features in their PRS2 VH spectum, but it is
unreliable for the NP fluorophores used in this work. The second is the recent bandwidth variedPRS2 (BVPRS2) method.21 While the BVPRS2 technique is a self-sufficient method enabling
one to compute light scattering and ORF cross-sections and depolarization regardless of the
fluorophore fluorescence and light scattering depolarization, it provides no insights to the origins
of the fluorescence detected in the PRS2. The third and current PAOS-based approach is also a
self-sufficient method. The key advantage of this PAOS-based method is that it enables direct
visualization and separation of the light scattering and fluroescence contribution to fluorophore
PRS2 spectra. This visualization has been critical for finding that the fluorescence in the PRS2
spectra comprises ASSF, ORF, SSF contributions, not just ORF in the initial PRS2 technique.9
5.5

Conclusions
In summary, we demostrated a divide-and-conquer strategy in combination with a PAOS

spectral acquisition method for experimental quantification of the fluorophore optical constant
spectra including their extinction, absorption, scattering, and ORF cross-section spectra, and
scattering and fluorescence depolarization spectra, and ORF QY spectra. This strategy combines
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high efficiency and accuracy. In their blue wavelength regions, fluorophores are simultaneously
photon absorbers and scatterers, but not emitters. Therefore, the experimental analyte PRS2
spectrum can be directly used to decompose the fluorophore UV-vis extinction spectrum into its
absorption and scattering component spectra. In contrast, in their red wavelength regions, the
fluorophores are simultaneous photon absorbers, scatterers, and fluorescence emitters. In this
case, the somewhat more time-consuming PAOS spectral acquisition is needed to reconstruct the
fluorophore PRS2 fluorescence and light scattering component spectra for determination of the
fluorophore optical properties. Since the PAOS spectral acquisition is performed only in the
fluorophore red-wavelength region, a complete set of PAOS VV and VH spectra can be taken
within 20 minutes of spectral acquisition time. Besides offering the critical new insight that
fluophore ASSF, ORF, SSF, and light scattering can all contribute to signals detected under
resonance excitation and detection conditions, the methodology provided in this work should be
of broad application to the quantification of the optical properties of various fluorophores in
solutions.
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CHAPTER VI
QUANTIFICATION OF THE PHOTON ABSORPTION, SCATTERING, AND EMISSION
PROPERTIES OF CdSe/CdS CORE/SHELL QUANTUM DOTS: EFFECT OF SHELL
GEOMETRY AND VOLUMES
This work has been published: Xu, J. X.; Yuan, Y.; Zou, S.; Chen, O.; Zhang, D., New
Insights to the Optical Properties of CdSe/CdS Core/Shell Fluorescent Quantum Dots by
Polarized Resonance Synchronous Spectroscopy: Effect of Shell Geometries and Volumes.
Analytical Chemistry. Just accepted. (https://doi.org/10.1021/acs.analchem.0c00016)
6.1

Abstract
Reliable quantification of the optical properties of fluorescent quantum dots (QDs) is

critical for their photo-chemical, -physical, and -biological applications. Presented herein is the
experimental quantification of photon scattering, absorption, and on-resonance-fluorescence
(ORF) activities of CdSe/CdS core/shell fluorescent QDs as a function of the shell sizes and
geometries. Four spherical QDs (SQDs) with different diameters and four rod-like QDs (RQDs)
with different aspect ratios (ARs) have been analyzed using UV-vis, fluorescence, and the recent
polarized resonance synchronous spectroscopic (PRS2) methods. All quantum dots are
simultaneous absorbers and scatterers in the UV-vis wavelength region, and they all exhibit
strong ORF emission in the wavelength regions where the QDs both absorb and emit. The
absorption and scattering cross-sections of the CdS shell are linearly and quadratically,
respectively, proportional to the shell volume for both the SQDs and RQDs. However, the effects
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of CdS shell coating on the core optical properties are different between SQDs and RQDs. For
RQDs, increasing the CdS shell volume through the length elongation has no effect on either the
peak wavelength or intensity of the CdSe core UV-vis absorption and ORF, but it reduces the
QD fluorescence depolarization. In contrast for the SQDs, increasing CdS shell volume induces
red-shift in the CdSe core peak UV-vis absorption and ORF wavelengths, and increases their
peak cross-sections, but it has no effect on the SQD fluorescence depolarization. The RQD ORF
cross-sections and quantum yields are significantly higher than their respective counterparts for
the SQDs with similar particle sizes (volumes). While these new insights should be instructive
for the QD design, characterization, and applications, the methodology presented in this work is
directly applicable for quantifying the optical activities of optically complex materials where the
common UV-vis spectrometry and fluorescence spectroscopy are not sufficient.
6.2

Introduction
Fluorescent quantum dots (QDs) have demonstrated their diverse applications in

bioimaging,114-116 lasing,117, 118 optical devices119, 120 and energy conservations121-125 owing to
their exceptional fluorescence properties. Core/shell fluorescent QDs exhibit enhanced
photoluminescence quantum yields (QY), lower oscillator strength for the radiative transitions,
and longer radiative lifetime due to the introduction of shell that effectively reduces electronhole spatial overlap and reduction of trap states.126-128 The QD optical properties can be tuned by
different shell structures and geometries.129-132 A systematic and quantitative understanding of
the correlations between QD shell structures and its resultant absorption, scattering, and
fluorescence activities is key to rationalization of their synthetic design and optical applications.
As an example, reliable quantification of QD absorption cross-section is important for evaluation
of the QD fluorescence QY,133 brightness,134 number of excitons135 and the oscillator strength of
104

the transitions.136 However, a general literature practice for determining QD absorption activity
is to assign the QD UV-vis extinction obtained directly with UV-vis spectrophotometers as its
absorbance (or absorption extinction) spectrum.137-139 The validity of this approach has not been
systematically evaluated. In fact, both material light scattering and absorption contribute to its
UV-vis extinction spectrum.7 For dissolved small molecular chromophores, their scattering
cross-sections are usually negligibly small in comparison to their photon absorption crosssections.8, 9 Therefore, their UV-vis extinction spectra can be taken as their absorption
extinction (absorbance) spectrum. However, for the nanoscale materials such as fluorescent QDs
and molecular aggregates, the light scattering extinction contribution to the sample UV-vis
extinction spectra may no longer be negligible. Indeed, one can approximate the QD UV-vis
extinction spectrum as its absorbance spectra only when the ratio between the QD light scattering
extinction and total extinction (or scattering -to-extinction ratio, SER) is negligibly small.
Herein we reported a series of fundamental optical constant spectra for QDs differing in
their sizes and/or shapes. These spectra include 1) the QD UV-vis extinction, absorption
extinction, and scattering extinction cross-section spectra. 2) The QD on-resonance fluorescence
(ORF) emission cross-section and ORF QY spectra. Unlike the commonly measured Stokes’shifted fluorescence (SSF) which are detected at wavelengths red-shifted from the excitation
wavelength, ORF refers to the fluorescence emission occurring at the same wavelength as the
excitation wavelength.8, 9 Furthermore, the ORF QY is obtained by dividing the QD ORF crosssection with its absorption cross-section at every excitation wavelength,9 which is therefore the
measure of absolute QY for the ORF emission. In contrast, the SSF QY is obtained by using
external standards as references, therefore, the SSF are relative and their accuracy depending on
the reference samples and their similarity in the optical properties of the reference and the
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sample of interest. 3) Light scattering depolarization spectra and the total fluorescence
depolarization spectra.9
With the only exception of the QD extinction spectra, none of the aforementioned spectra
are available before. One key learning from this work is that while all QDs exhibit intense light
scattering, their UV-vis extinction remains totally dominated (> 99%) by their photon absorption.
While this observation offers a much needed justification to the literature practice in taking the
QD UV-vis extinction spectrum as its absorbance spectrum, the decomposition of the QD UVvis extinction spectrum into its absorption and scattering component spectra provides a series of
critical new insights to the effects of the shell volume and geometry on the QD optical
properties.
The quantification of the QD optical properties was performed using combination of UVvis, fluorescence, and the recently developed polarized resonance synchronous spectroscopic
(PRS2) techniques.9, 27 There have been so far four variants of PRS2 methods differing in their
general applicability and implementation complexity. The first is the direct PRS2 method that is
applicable for all non-photoluminescent materials and a subset of photoluminescent samples with
zero light scattering depolarization but unity fluorescence depolarization in the wavelength
region where the sample is ORF active.9 The second method is a bandwidth-varied PRS2
(BVPRS2) technique that is applicable to all samples including the samples that are simultaneous
light absorbers, scatterers, and emitters under resonance excitation and detection conditions. 21
The third is the polarized anti-Stokes-shifted, on-resonance, and Stokes-shifted spectroscopic
(PAOS) method that is also applicable to all samples. 27 The key advantage of PAOS method is
that it enables direct visualization and separation of the light scattering and fluorescence
contribution to the signal detected under resonance excitation and detection conditions.
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However, the spectral acquisition and processing for the PAOS-based PRS2 analysis with the
existing commercial spectrofluorometer is very time consuming. One complete PAOS spectrum
is needed in order to extracting the light scattering and fluorescence contribution to the resonance
signal detected at each excitation wavelength. The fourth method is the divide-and-conquer
PRS2 technique that combines the direct PRS2 and the PAOS methods.27 This approach
combines high efficiency, general applicability, and easy understanding. The divide-andconquer method first divides the UV-vis extinction spectrum into two regions based on the
sample optical properties under the resonance excitation and detection conditions. The timeconsuming PAOS technique is necessary only in a narrow spectral wavelength region (<50 nm)
where the samples are simultaneously photon absorbers, scatterers, and emitters, 14 and the
drastically more efficient direct PRS2 method is applied to the remaining UV-vis wavelength
region where the samples are only simultaneously photon absorbers and/or scatterers under the
resonance excitation and detection condition.
6.3

Experimental section
A total of eight CdSe/CdS core/shell fluorescent QDs, four spherical (SQDs) and four

rod-shaped (RQDs), are employed as the model QDs. All SQDs have the same spherical core
(3.0 nm in diameter), but with varying shell thicknesses that result in QD diameters of 5.6 nm,
7.4, 9.2, and 10.8 nm, respectively. For the sake of discussion convenience, these SQDs are
referred to as SQD5.6, SQD7.4, SQD9.2, and SQD10.8, respectively. The CdSe core used for the
preparation of the rod-shaped QDs (RQDs) are also spherical, but with a larger diameter (4.3 nm
in diameter). The four RQDs all have the same width (4.4 nm) but with different lengths that
result in different aspect ratios (AR). These RQDs are referred to as RQD4.8, RQD9.3,
RQD12.8, and RQD16.8, respectively, where the number specifies the aspect ratio of the RQDs.
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6.3.1

Chemicals
Cadmium oxide (CdO, 99.998%), 1-octadecene (ODE, 90%), trioctylphosphine oxide

(TOPO 99%), trioctylphosphine (TOP, 97%), oleylamine (OAm, 70%), 1-octanethiol (> 98.5%),
1-dodecanethiol (> 98%), and Cu(acac)2 (> 99.9%) were obtained from Sigma Aldrich. Selenium
powder (99.999%), oleic acid (OLA, 90%) were purchased from Alfa Aesar. nOctadecylphosphonic acid (ODPA, > 99%) and n-hexylphosphonic acid (HPA, > 99%) were
purchased from PCI Synthesis.
6.3.2

Synthesis of CdSe core QDs
CdSe core QDs were synthesized by a hot-injection method as previously reported.108

Typically, 120 mg CdO (99.998%), 560 mg ODPA (99%) and 6 g TOPO (99%) were loaded to a
100 mL flask. The resulting mixture was heated to 150 °C and was degassed for 1 hour under
vacuum. The reaction solution was then heated to 360 °C under nitrogen to form a colorless clear
solution. After adding 4.0 mL TOP (97%), the temperature was increased to 380 °C and a freshly
prepared Se/TOP (120 mg Se in 1.0 mL TOP) solution was swiftly injected into the flask. The
reaction was quenched by removing heating mantle and blowing cool air when a desired CdSe
core size was reached. The resulting CdSe core QDs were diluted in hexane as stock.
6.3.3

Synthesis of spherical CdSe/CdS core/shell QDs
Synthesis of CdSe/CdS core/shell QDs was following previous procedures with minor

modification.108 300 nmol of CdSe cores (first absorption peak of 593 nm, diameter of 4.29 nm)
purified one time by acetone were loaded into a 250 mL 3-neck flask with a solvent mixture of 6
mL ODE and 6 mL OAm. The reaction mixture was degassed under vacuum at room
temperature for 1 hour and 120 °C for 10 min to remove hexane, water and oxygen. The reaction
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mixture was then heated to 310 °C under nitrogen for shell growth. When temperature reached
240 °C, a desired amount of Cd-oleate (0.1 M in ODE) and 1.2 equivalent of 1-octanethiol (0.12
M in ODE) were injected slowly into the reaction mixture simultaneously using a syringe pump
with a rate of two monolayers of CdS shell per hour. Aliquots were taken during the reaction for
absorption and photoluminescence characterizations. The reaction was stopped by removing the
heating mantle and cooling down to room temperature after finishing the injection. 2 mL of OLA
was injected every hour. Samples were collected at 1 hr, 2 hrs, and 3 hrs. The synthesized
CdSe/CdS QDs were purified by three rounds of precipitation and re-dispersion using
acetone/methanol and hexane. The particles were finally suspended in hexane as stock.
6.3.4

Synthesis of CdSe/CdS core/shell nanorods (NRs)
CdSe/CdS NRs were prepared following previous published seeded growth approach

with minor modification.129 Typically, CdO (91 mg) was mixed in a flask together with TOPO (3
g), ODPA (290 mg), and HPA (80 mg). After pumping under vacuum for about 1 hour at
150 °C, the resulting solution was heated to 350 °C under nitrogen, followed by injection of 1.5
g of TOP, after which the temperature was allowed to recover to 350 °C, then a solution of
CdSe/element S/TOP was quickly injected into the flask. NRs with different ARs were obtained
by adjusting the amount of CdSe, sulfur, and TOP. The nanocrystals were allowed to grow for 8
minutes after the injection, after which the heating mantle was removed. Purification of
CdSe/CdS NRs is same with CdSe/CdS as mentioned above.

109

6.3.5

Determination of QD volumes and molarities

Figure 6.1

Diagram of the ligand bound core/shell QD structure and illustration of thinner
wall thickness of RQDs and SQDs, with examples of (A) RQD12.8 and (B)
SQD5.6. The RQDs are considered as cylinders and SQDs as spheres.

When calculating volume of CdSe cores and CdSe/CdS core shell QDs, the RQDs were
considered as cylindrical and SQDs as spherical. (Figure 6.1) The diameter of Cores was
calculated from a function provide by Peng’s experimental paper based on first absorption peak
position.140 The dimensions of CdSe/CdS core/shell QDs were obtained by measuring the
average dimensions of dots/rods on transmission electron microscopy (TEM) images. (Figure
6.2) Core/shell mass for one QD particle was calculated using a CdSe core density of 5.82 g/cm3
and a CdS shell density of 4.82 and g/cm3. (Table 6.1) The QD morphology is characterized by
TEM measurements, which were performed on a JEOL 2100F operated at 200 kV. The QDs
were dispersed in hexane after purification, then drop cast on a 300-mesh copper TEM grid and
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dried at ambient condition before TEM measurements. The dimensions of QD particles are
measured by their TEM images (Ligand is invisible in TEM images).

SQD5.6

(A)

SQD7.4

(C)

50 nm

50 nm

RQD4.8

(E)

(B)

50 nm

Figure 6.2

(F)

50 nm

SQD9.2

50 nm

50 nm

RQD9.3

(G)

50 nm

(D) SQD10.8

RQD12.8

(H)

RQD16.8

50 nm

TEM images of (A) SQD5.6, (B) SQD7.4, (C) SQD9.2, (D) SQD10.8, (E)
RQD4.8, (F) RQD9.3, (G) RQD12.8, and (H) RQD16.8.

Next, ligand binding on the core/shell QDs was characterized by thermal gravimetric
analysis (TGA). TGA measurements were conducted with a TA Instruments Q50
Thermogravimetric Analyzer with a gas flow of 10 mL/min and operated under nitrogen
atmosphere. A known volume of QD hexane solution of 100-150 μL was loaded on the TGA
pan. The ligands bound to the QD shell or cores are burned off by the 1st ramp in the TGA plots
(Figure 6.3) so the weight percentages of the remaining core/shell mass are obtained. Therefore,
the total QD particle mass can be obtained by the previously calculated core/shell mass divided
by the weight percentage quantified in TGA analysis (Table 6.1). Then the molar mass of QD
was determined by multiplying particle mass with Avogadro constant (6.02×1023 mol-1).
The molality of QD stock solution was determined by measuring the dried QD mass after
drying a known volume of QD hexane solution on the TGA pan before the heating program was
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initiated. (Table 6.1) Finally, the QD molarity was quantified by dividing its molality by its
molar mass. The conversion of QD molality into molarity is presented in Table 6.1.
Table 6.1

6.3.6

Summary of QD dimensions and calculation of QD molarity

Fluorescence lifetime measurements
The QD lifetime measurements were performed on an Edinburgh Instruments

Fluorescence Spectrometer FS5. QDs were dispersed in hexane for measurements. The
fluorescence lifetimes were measured with excitation at 360 nm, with an average acquisition
time of 15 min and the sample optical density of 0.1 at 365 nm.
6.3.7

UV-vis, fluorescence, PRS2, and PAOS spectral acquisitions
The UV-vis extinction spectra were measured with a Thermo Scientific Evolution 300

UV-vis spectrometer, while the SSF, fluorescence excitation, PRS2, and PAOS spectra were
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acquired with a Horiba FluoroMax-4 spectrofluorometer equipped with an excitation and
detection linear polarizer. Detailed PRS2 and PAOS spectral acquisition and analysis has been
demonstrated before.27 Unless indicated otherwise, all the spectrofluorometer-based spectra were
acquired with an intergration time 0.3 s, and a slit width 2 nm for both the excitation and
detection monochromators. The normalized spectra were used where the signal intensity was
normailzed by the signal from the sample detector and reference detector (S1/R1) to eliminate
light source fluctuations.
6.4
6.4.1

Results and discussions
QD fluorescence depolarization properties
The TEM images of the CdSe/CdS core/shell QDs are shown in Figure 6.2. Based on the

structural analyses of seeded-grown QDs performed in previous works,129, 141 the CdSe cores are
located at the center in SQDs while at one end in the RQDs as depicted by the structural diagram
(Figure 6.1). The width of all RQDs are essentially the same based on their TEM images (Figure
6.2) and TGA (Figure 6.3). The percentage mass losses due to the ligand evaporation in the
TGA thermograms are approximately the same for all RQDs (Figure 6.3B), which is consistent
with the fact that the surface-to-volume ratios of the used RQDs are very similar due to their
relatively large aspect ratios. In contrast, the ligand evaporation-induced mass loss for the SQDs
decreases with increasing QD diameter (Figure 6.3A), which is again consistent with the fact that
for SQDs, their surface-to-volume ratios decreases with increasing particle sizes (Table 6.1).
The strong correlation between the QD surface-to-volume ratio and its percentage mass loss
suggest the packing density of the QDs are approximately the same for the RQDs and SQDs
respectively.
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TGA thermograms of (A) SQDs and (B) RQDs. The weight loss range highlighted
with blue dashed lines are ligand loss percentages for SQD10.8 in (A) and
RQD16.8 in (B) as examples.

The shell geometry has enormous impact on the QD fluorescence depolarization or
fluorescence anisotropy. Fluorescence depolarization and anisotropy can be readily converted
into each other.9 We choose to use fluorescence depolarization instead of anisotropy because
depolarization is far more commonly used in light scattering literatures. Current fluorescence
depolarization or anisotropy has been mostly investigated using a single excitation or emission
wavelength. We devised in this work a total fluorescence depolarization method to probe how
the fluorescence depolarization varies as a function of the excitation and detection wavelengths
(Figure 6.4A and B). Evidently the RQD fluorescence depolarization depends strongly on the
RQD sizes and the excitation wavelengths (Figure 6.4C), while the SQDs have near unity
fluorescence depolarization regardless of the SQD sizes and the excitation and detection
wavelengths (Figure 6.4D).
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(A) and (B) are Example total fluorescence depolarization (PF) spectra of
RQD16.8 and SQD10.8, (C) and (D) are fluorescence excitation depolarization
spectra of SQDs with different diameters and RQDs with increasing aspect ratios
(AR). The gray dots represent data of their respective cores. Fluorescence lifetime
measurements of (E) RQDs and (F) SQDs.

The difference between RQDs and SQDs in their fluorescence depolarization is most
likely due to rotational diffusion rate. Fluorescence depolarization is a function of fluorophore
rotational correlation time and the fluorescence lifetime. 20 When the fluorophore rotational
correlation time is much shorter than its fluorescence emission lifetime, the fluorescence
emission diploes can adopt any angle relative to the excitation polarization after fast fluorophore
rotations. In this case, the fluorescence emission is isotropic, which results in unity of
fluorescence depolarization (𝑃𝐹 = 1). In contrast, if the fluorophore rotational correlation time is
longer than fluorescence lifetime, the polarizations of the emitted photons will mostly remain
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oriented towards emission dipole direction, leading to anisotropic emission (𝑃𝐹 ≠ 1). Since
RQDs and SQDs have similar fluorescence lifetimes (Figure 4.6E and F), the fact that RQDs,
especially the ones with large aspect ratios, deviate significantly from unity strongly suggests
that RQDs have longer rotational correlation time than SQDs.
6.4.2

Quantification of QD optical spectra with PRS2 and PAOS

Figure 6.5

(1st row) (left black) UV-vis extinction and (right red) normalized SSF spectra of
(A) SQD bare core, (B) SQD5.6, (C) SQD7.4, (D) SQD9.2, (E) SQD10.8. (2 nd
row) PRS2 (black) VV and (red) VH spectra of (F) SQD bare core, (G) SQD5.6,
(H) SQD7.4, (I) SQD9.2, (J) SQD10.8. (3rd row) (left) UV-vis extinction and
(right) normalized SSF spectra of (K) RQD bare core, (L) RQD4.8, (M) RQD9.3,
(N) RQD12.8 and (O) RQD16.8. (4th row) PRS2 (black) VV and (red) VH spectra
of (P) RQD bare core, (R) RQD4.8, (S) RQD9.3, (T) RQD12.8 and (U) RQD16.8.
The regions highlighted in blue represent the overlap of QD 1st absorption band
and SSF, where ORF can occur under resonance excitation and detection
conditions in PRS2 spectra.
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Figure 6.6

PAOS VV and VH spectra of QDs in the ORF-active wavelength region
highlighted in Figure 6.5. (1st column) PAOS VV spectra of RQDs. (2nd column)
PAOS VH spectra of RQDs in the red region. (3rd column) PAOS VV spectra of
SQDs.

The QD PRS2 spectra used for quantification of their optical depolarization and crosssection spectra are presented in Figure 6.5. The highlighted regions in Figure 6.5 show that the
QD ORF occurs when its first absorption peak overlaps with its SSF spectrum. The Gaussian
shaped ORF peak is detected in both PRS2 VV and VH spectra with comparable intensities,
suggesting that ORF has a large degree of photon depolarization. In contrast, the QD scattering
depolarization is very small, reflected by the fact that the QD VH spectrum has a negligible
scattering intensity compared to VV spectrum. PAOS analysis is only necessary for the region
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where ORF is active, which allows us to visualize the scattering and ORF components in the
ORF-active wavelength region. (Figure 6.6) It is apparent that the QD scattering and ORF are
both detected in PAOS VV spectrum, demonstrated by the sharp scattering peak sitting on top of
the broad fluorescence band. (1st and 3rd columns, Figure 6.6) On the other hand, the PAOS VH
spectra for SQDs and RQDs are quite different. (2nd and 4th columns, Figure 6.6) No sharp
scattering peak appears in SQD PAOS VH spectra, indicating that the scattering depolarization
for SQDs is strictly zero (or under detection limit) and all signals in their PRS2 VH should be
attributed to ORF signals. (2nd column, Figure 6.6) While for RQDs, a small contribution of
scattering signals along with fluorescence are detected in every PAOS VH spectrum, meaning
that though small but RQDs have a finite scattering depolarization. (4th column, Figure 6.6)
Besides zero scattering depolarization, SQDs have unity fluorescence depolarizations
across all excitation and emission wavelengths as illustrated in Figure 6.4. Hence the efficient
PRS2 method can be directly applicable for decomposing the SQD PRS2 spectra into their
scattering and ORF component spectra, and subsequently the SQD UV-vis extinction spectra
into their absorption and scattering extinction component spectra. 9 In contrast, PAOS is
necessary for quantifications of RQD light absorption, scattering, and ORF activities in its ORF
active region because the RQD has non-zero scattering depolarization and its fluorescence
depolarization is strongly excitation wavelength dependent (Figure 6.4). Direct PRS2 is applied
for the non-ORF active region for RQDs to improve efficiency. Using the method described in
the PAOS publication,27 the RQD PRS2 VV and PRS2 VH spectra are decomposed into their
respectively ORF and light scattering component spectra. (Figure 6.7I-L, and Figure 6.7Q-T).
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Figure 6.7

(1st row) (black) RQD UV-vis extinction (Ext) spectrum, (red) Stokes’s Shifted
Fluorescence (SSF) spectra, and (green) PRS2 VH spectra of (A) RQD4.8, (B)
RQD9.3, (C) RQD12.8, (D) RQD16.8. (2nd row) PAOS VV spectra in the ORFactive region for (E) RQD4.8, (F) RQD9.3, (G) RQD12.8, (H) RQD16.8. (3rd row)
Separation of scattering and ORF components in the PRS2 VV spectra with PAOS
in the ORF-active wavelength region for (I) RQD4.8, (J) RQD9.3, (K) RQD12.8,
(L) RQD16.8. (4th row) PAOS VH spectra in the ORF-active region for (M)
RQD4.8, (N) RQD9.3, (O) RQD12.8, (P) RQD16.8. (5 th row) Separation of
scattering and ORF components in the PRS2 VH spectra with PAOS in the ORFactive wavelength region for (Q) RQD4.8, (R) RQD9.3, (S) RQD12.8, (T)
RQD16.8.
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extinction, and scattering cross-section spectra, respectively. The insets in (C) and
(H) are the zoomed-in in the longer wavelength region highlighted in blue in (C)
and (H). (D) RQD (blue dots) scattering cross-sections and (red dots) absorption
cross-sections as a function of shell volume at the excitation wavelength of 400
nm. (I) SQD (blue dots) scattering cross-sections and (red dots) absorption crosssections as a function of shell volume at the excitation wavelength of 400 nm. Both
scattering cross-sections are fitted quadratically and absorption cross-sections
linearly. Scattering depolarization spectra of (E) RQDs and (J) SQDs.

The UV-vis extinction spectral features of CdSe/CdS core/shell QDs below 500 nm are
dominantly contributed from the CdS shell, while those above 500 nm are predominantly from
the CdSe core.129 It is known that QD photon extinction increases with increasing shell volume,
but the fractional contributions by the shell light scattering and absorption have not been
investigated. By decomposition of the QD UV-vis extinction spectra into their absorption and
scattering component spectra, this work enables us to systematically evaluate the shell size and
geometry to the QD absorption and scattering activity. There are several notable observations.
First, while all QDs exhibit relatively high scattering intensity in the wavelength region
attributed to the CdS shell (Figure 6.8B and G), the QDs are predominant light absorbers in this
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wavelength region since their absorption cross-sections are two orders of magnitude higher than
their scattering cross-sections (Figure 6.8B, C, F and G). Second, none of the QDs can be
approximated as Rayleigh scatterers (σ=aλ-4) (insets in Figure 6.8B and G) as assumed in a
recent work,134 despite they are all in the Rayleigh scattering size domain with dimensions
significantly smaller than the excitation wavelengths from 300 to 800 nm. This observation is in
sharp contrast to the small polystyrene nanoparticles (100 nm in diameter) and solvent molecules
that can all be approximated as Rayleigh scatterers.8 Instead, the wavelength dependence of SQD
and RQD scattering cross-sections can be approximated with the equation of σ=aλ-6, (Figure 6.9)
where the fitting coefficient a increases quadratically with increasing particle sizes. Third,
regardless of their geometry, the absorption cross-section of CdS shell on the SQD and RQD is
linearly proportional to the shell volume, while their light scattering cross-section increases
quadratically with the latter (Figure 6.8D and H).

Figure 6.9

(dashed lines) Curve fitting with an empirical equation σ=aλ-6 for (solid lines) the
experimental scattering cross-section spectra of (A) RQDs and (B) SQDs. The a
values of σ=aλ-6 for each QD are highlighted in the graphs. (C) Polynomial fitting
of a values from σ=aλ-6 for (hollow square) SQDs and (filled square) RQDs as a
function of shell volume with the highest power of 2.
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The most surprising observation is the remarkably small light scattering depolarization
(𝑃 𝑆𝑐𝑎 < 0.1) of the RQDs (Figure 6.8E). Earlier works performed with the rod-shaped (CS2) and
spherical shape (CCl4) molecules,8 as well as the spherical and rod-shaped gold nanoparticles
(AuNPs)19 revealed that light scattering depolarization is very sensitive to scatterers’ shapes.
While the spherical scatterers have negligibly small light scattering depolarization (𝑃 𝑆𝑐𝑎 <
0.02), the scattering depolarization of the rod-shaped scatterers can be as high as 0.5. As an
example, the light scattering depolarization for the rod shaped CS 2 molecule is 0.5 from 400 nm
to 600 nm region, while the peak light scattering depolarization of the rod-shaped AuNP
increases with increasing aspect ratio.8, 19 The peak scattering depolarization of the gold nanorod
with an aspect ratio of 3.2 is 0.45. While the similar trend is observed for the spherical and rod
shaped QDs that the light scattering depolarizations of the SQDs are smaller than those of the
RQDs, though the peak RQD scattering depolarizations remain very small. The maximum light
scattering depolarization is 0.04 for the RQD with an aspect ratio as large as 16.8.
6.4.4

Effect of shell sizes and geometries on the core optical properties
The QD spectral features above the 500 nm are due predominantly to the CdSe core.

Earlier work established that shell coating enhances core UV-vis extinction and fluorescence
emission.142 However, the enhanced UV-vis extinction can be due to the increased photon
absorption, scattering, or both, while enhanced fluorescence emission can be due to the increased
QD photon absorption, fluorescence quantum yield, or both. The quantitative decomposition of
the QD UV-vis extinction spectra into their absorption extinction (absorbance) and scattering
extinction spectrum enables us to pinpoint the physical origins of the increased core UV-vis and
fluorescence intensity caused by shell coating.
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The shell coating enhances UV-vis absorption (Figure 6.10A and B) and ORF (Figure
6.10C and D) cross-sections of the CdS cores in both RQDs and SQDs QDs. However, despite
all their large difference in their shell volumes, all RQDs have approximately the same UV-vis
cross-sections, ORF cross-sections, and ORF fluorescence quantum yields (Figure 6.10A, C, and
E). In contrast, both the absorption and ORF cross-sections of the CdS cores inside SQDs
increase with increasing shell volume. These results indicate that only the initial layer of CdS
shell on the CdSe core in RQDs is effective in enhancing the core photon absorption and onresonance fluorescence. Once the CdS thickness on the RQDs surpasses a critical volume,
further growing the CdS shell has no impact on either CdSe photon absorption or ORF activities.
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In contrast, absorption and ORF activities of the CdSe cores inside SQDs monotonically
increases with increasing CdS shell thickness. This trend is observed even when the thickness of
the shell is as large as 3.8 nm in SQD10.8.
The difference in the shell volume dependence of the CdSe core optical properties
between the RQDs and SQDs can be explained by their different shell geometric characteristics.
On the RQDs, only the initial CdS shell grows three-dimensionally surrounding the CdSe (Figure
6.10A and Figure 6.1), further CdS elongation at one end of the rod is essentially zero
dimensional. Therefore, only the initial three-dimensional CdS coating, which is the same for all
RQDs with different aspect ratios, is effective in enhancing the CdSe core photon absorption and
fluorescence activities, the subsequent CdS coatings that define the aspect ratio of the RQDs
have no significant effect on the optical property of the core. As such, the CdSe core photon
absorption and emission properties are the same in all RQDs despite of their difference in the
aspect ratio and the shell volume.
The quantifications of the UV-vis absorption and ORF cross-section enable us to
determine the QD ORF QY spectrum, which is the ratio between the QD ORF and absorption
cross-section at the same excitation wavelengths. Comparing and contrasting the shell thickness
dependence of the core UV-vis absorption cross-section, ORF cross-section, and ORF QY for
the SQDs is revealing. The peak UV-vis absorption cross-section of the core increases linearly
with further shell coating (Figure 6.10B), but the peak ORF cross-section increases most
effectively with the initial CdS coating. Further increasing the CdS shell thickness has no
significant effect on the RQD ORF cross-section (Figure 6.10D). The ORF QY of the CdSe core
in SQDs increases significantly with the initial CdS coating. However, further increasing the
thickness of the shell reduces the core ORF QY (Figure 6.10F). The data for SQDs indicate only
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the initial thin layer CdS shell coating are effective in enhancing both the core UV-vis photon
absorption and ORF QY. Further increasing the shell thickness can more effectively increase the
SQD photon absorption, but be less effective in increasing their ORF emission due to the
reduced ORF QY. While the fundamental mechanism for this experimental observation will be
subjected to further investigation, the finding is important for optimizing QD fluorescence QY
by design.
6.5

Conclusions
Fluorescent QDs are among the most optically complicated materials because they can

simultaneously absorb, scatter, and emit photons under resonance excitation and detection
conditions. This work quantified for the first time a set of fundamental optical constant spectra
for a series of RQDs and SQDs that include their scattering, absorption and ORF cross-section
spectra, scattering and ORF depolarization spectra, and ORF QY spectra. The QD shell
scattering cross-section follows, empirically, σ=aλ-6 where the value of coefficient a increases
quadratically as a function of shell volume, while the shell absorption cross-section increases
linearly with the shell volume for both the RQDs and SQDs. The shell geometry has significant
impact on the QD fluorescence depolarization. All SQDs of different sizes all have negligible
light scattering depolarization, but unity fluorescence depolarization in the entire UV-vis region.
The RQD fluorescence and light scattering depolarization depends strongly on the shell size and
the excitation wavelengths. Furthermore, varying CdS shell size has not significant effect on the
core light absorption, scattering, and ORF fluorescence activities for the investigated RQDs, but
increasing the shell thickness around core introduce systematic change in the optical property of
the core in SQDs. Besides providing quantitative insights to the optical properties of CdSe/CdS
core/shell nanoparticles, the methodology such as the total fluorescence depolarization
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measurements, PRS2, and PAOS techniques presented in this work should be important for a
wide range of applications in material characterization.
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